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INVESTIGATION OF SPUTllERING EFFECTS ON 
THE MOON'S SURFACE 
Eleventh Quarter ly  S t a m s  Report 
Contract NASw-751 
ABSTRACT 
S tud ie s  of t h e  Luna 9 photographs imply t h a t  t h e  l u n a r  su r face  is 
probably cohesive. Using r e c e n t l y  publ ished p h o t o e l e c t r i c  data,  analy- 
sis has been made of  t h e  shape of t h e  photometric func t ion  of  the l u n a r  
surface.  This a n a l y s i s  i n d i c s t e s  t h e  presence of a n  underdense su r face  
of very small opaque p a r t i c l e s .  Reconc i l i a t ion  of t h e s e  ind ica t ed  pro- 
p e r t i e s  could be obtained by s i n t e r i n g  and cold-welding of t h e  su r face  
material. 
The e f f e c t  of su r f ace  roughness on t h e  n e t  ion s p u t t e r i n g  rate has 
been s t u d i e d  again. The decrease i n  ra te  with inc rease  i n  roughness i s  
g r e a t e r  t han  p rev ious ly  measured. The high s p u t t e r i n g  y i e l d s  of s o l i d  
g raph i t e  when bombarded by hydrogen ions i n d i c a t e  r e a c t i v e  o r  ckemi csl 
s p u t t e r i n g  i s  t h e  dominan" e ros iona l  process  and it is un l ike ly  +kat 
free carbon w i l l  be found on t h e  solar-wtnd exposed l u n a r  surface.  
1 - L- 
I. INTRODUCTION AND FBMARKS ON Tm 
SOVET SOFT-LANDING ON Tm MOON 
A. I n  This Report 
This r e p o r t  includes work from a p o r t i o n  of t h e  twe l f th  q u a r t e r  of 
t h e  p r e s e n t  c o n t r a c t  i n  t h a t  w e  wanted t o  include an a n a l y s i s  of t h e  i m -  
p l i c a t i o n s  of t h e  Luna 9 so f t - l and ing  on t h e  moon and, a t  t h e  same timep 
give a complete s ta tement  of  t h e  implicat ions of  t h e  photometric func t ion  
of t h e  moon. The landing o f  L u n a  9 implies  q u i t e  a ha rd  su r face  f o r  t h e  
moon i n  a region t h a t  seems i n  no way unusual. Y e t  t h e  photometric func- 
t i o n  of t h e  moon, which i s  here  much more c l o s e l y  def ined than eve r  be- 
f o r e  with t h e  h e l p  of  new data and a new method of  a n a l y s i s ,  sha rp ly  de- 
mands a tenuous l u n a r  surface.  The un i f i ca t . i on  of  t h e s e  demands i s  
treated i n  t h e  next  s ec t ion .  
We have a l s o  s t u d i e d  t h e  e f f e c t  of  roughness upon t h e  n e t  e ros ion  
rate due t o  s p u t t e r i n g .  The method i s  a new one and suggests  even g r e a t e r  
r educ t ions  re la t ive t o  a smooth surface than  w e  have previously measured. 
On t h e  o t h e r  hand, we p r e s e n t  evidence f o r  g r e a t l y  a c c e l e r a t e d  e ros ion  i n  
t h e  c a s e  of g raph i t e  bombarded by hyd-rogen ions.  Chemical s p u t t e r i n g  i s  
implied by t h e s e  measurements. We desc r ibe  p repa ra t ions  t o  s tudy anotLer 
chemical phenomenon: t h e  formation of E 0 which might r e s u l t  from bombard- 
ment of s i l i c a t e s  by hydrogen ions.  
2 
B. The Lunar 9 Moon Probe and Related Current  L i t e r a t u r e  
The outs tanding r e c e n t  event p e r t a i n i n g  t o  t h e  moon was t h e  s o f t -  
landing of t h e  S o v i e t  Luna 9 on 3 February. According t o  Soviet  state- 
ments, a 220 l b  instrument package of about 2 f t  diameter w a s  s epa ra t ed  
-2- 
c 
from t h e  engine s e c t i o n  a t  low a l t i t ude  s o  t h a t  t h e  rocke t  exhausts d i d  
n o t  i n f luence  t h e  area viewed by t h e  camera which w a s  contained i n  t h e  
instrument  package. The l and ing  was somewhere i n  Oceanus Procellarum 
a t  a time corresponding t o  dawn f o r  t h a t  region. 
ment package apparently came t o  r e s t  with i t s  t i p  po in t ing  toward t h e  
r i s i n g  sun (east i n  a s t r o n a u t i c a l  convention). 
making up t h e  t i p  of t h e  cone, t h e  package n e a r l y  r i g h t e d  i t se l f  (about 
24" o f f  v e r t i c a l )  and, a t  t h e  same time, exposed a s h o r t  per iscope t u r r e t  
on t h e  instrument axis. A panorama of  p i c t u r e s  were taken from t h i s  t u r -  
r e t  and were subsequently r e l ayed  t o  ea r th .  The f o u r  panels  were n o t  de- 
ployed symmetrically with r e s p e c t  t o  t h e  instrument a x i s ,  because t h e  t i p  
of  a pane l  appears only i n  one view, t h e  one looking scuth.  
t h e  w e s t  w a s  n o t  released as it did n o t  view any of t h e  su r face  of  t h e  
moon. The view t o  t h e  east i s  t h e  most i n t e r e s t i n g ,  of course, as it 
g ives  a close-up view of t h e  surface.  
The cone-shaped i n s t r u -  
By deploying f o u r  panels  
The view t o  
No d e t a i l s  have y e t  been r e l eased  on t h e  ang le s  subtended i n  t h e  
S o v i e t  photographs. But the angles i n  t h e  photographs can nevertLeless  
be e s t ima ted  as follows. From t h e  shadow p a t t e r n s  i n  t h e  publ ished photo- 
graphs, t h e  general  d i r e c t i o n  o f  t h e  view can be a sce r t a ined .  There me 
6 f u l l  frames t h a t  appa ren t ly  complete a panorama of  270" from northwest 
t o  southwest with n e g l i g i b l e  overlap o r  gaps. 
i n  width. If so, t h e  frames are 30° i n  height .  The c e n t r a l  axis tilt of 
24" fol lows from t h e  tilt of t h e  horizons i n  t h e  s o u t h e r l y  and n o r t h e r l y  
d i r e c t i o n s .  I n t e r n a l  consis tency o f  t h e s e  estimates is. assured by mea- 
s u r i n g  t h e  apparent change i n  t h e  e l eva t ion  of t h e  horizon when viewed 
Then t h e  frames are 45" 
- 3- 
i n  ad jacen t  frames. For  a change i n  azimuth by  45" with t h e  instrument 
t i l t e d  by 24" from t h e  ver t ical ,  the horizon should s h i f t  by about 20" 
i n  t h e  e l e v a t i o n  d i r e c t i o n  on t h e  frames. From t h e  south and southwest 
frames, t h e  measured s h i f t  is  22", while f o r  t h e  north and northwest 
frames, it is  19". 
The l i n e a r  scale i n  t h e  photographs follows i f  t h e  he igh t  of  t h e  
t u r r e t  can be  estimated. One estimate is a f fo rded  by t h e  Sov ie t  state- 
ment t h a t  t h e  p i c t u r e s  show a horizon a t  a r ad ius  of about 1 mile. This 
w a s  s u r e l y  t h e  r e s u l t  of  a c a l c u l a t i o n  i n  which t h e  moon w a s  approxjmated 
by a p e r f e c t  sphere.  Using t h i s  approximation, an o b j e c t  70 cm above t h e  
s u r f a c e  of  a sphere of 1740 km radius  "sees" i t s  horizon a t  1.55 km or 
0.96 mile. If one adopts a t u r r e t  h e i g h t  of 70 em, then, f o r  example, 
t h e  view t o  t h e  east a t  9" t o  39" below t h e  h o r i z o n t a l  permits  t h e  iden- 
t i f i c a t i o n  of 4 t o  1 em i n  d e t a i l ,  r e s p e c t i v e l y  (lo-' r ad ians ) .  A t u r r e t  
h e i g h t  of 70 cm requ i r e s  t h a t  t h e  '2 f t  diameter sphere i s  ha rd ly  buried.  
Reduction of t h e  t u r r e t  h e i g h t  p ropor t iona l ly  reduces t h e  l i n e a r  s c a l e  o f  
t h e  s u r f a c e  d e t a i l .  
A s i g n i f i c a n t  r e s u l t  of  t he  Soviet  p i c t u r e - t a k i n g  mission is  t h a t  
t h e  t u r r e t  i s  obviously w e l l  above t h e  surface,  namely, t h a t  t he  s u r f a c e  
o f  t h e  moon is s u f f i c i e n t l y  firm s o  t h a t  a sphere weighing about 37 l b  i n  
t h e  l u n a r  g r a v i t y  w a s  h a r d l y  buried. 
least  a n  order  of magnitude l a r g e r  t han  t h e  37 l b  weight. 
v e l o c i t y  w a s  "a f e w  meters p e r  second" according t o  t k e  news r e l e a s e .  De-  
c e l e r a t i o n  i n  0.3 m from 5 m/sec, f o r  example. r e q u i r e s  a n  a c c e l e r a t i o n  of 
t h e  o r d e r  of 40 m/sec . 
O f  course, t h e  impact f o r c e  w a s  a t  
The residual 
2 
A speed of 5 m/sec would r e s u l t  from a f a l l  of 
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on ly  7.5 m i n  t h e  l u n a r  g rav i ty .  
Some lo3  l b  of fo rce  over about 2 f t  . 
l o o s e l y  def ined)  is  of t h e  order  of 500 l b / f t  
(1 l b / f t  = 478.8 dyne/cm2). 
In Ehglish u n i t s ,  t h e  package developed 
The "bearing s t r eng th"  ( thus  2 
2 o r  4 p s i  i n  t h a t  l o c a l e  
2 
On t h e  o the r  hand, t h e  close-up view of t h e  su r face  i n  t h a t  l o c a l e  
r e v e a l s  a spongy su r face  on a cent imeter  s c a l e .  
t h e  shadows i n  t h e  su r face  are of length comparable t o  width d e s p i t e  t h e  
low ang le  of t h e  sun. This  means t h a t  t h e  su r face  is f u l l  of voids .  Only 
a few o b j e c t s  p r o j e c t i n g  from t h e  sur face  can be i d e n t i f i e d  by t h e i r  long 
shadows. This v i r t u a l  absence o f  p o s i t i v e  r e l i e f  f e a t u r e s  i s  i n  agreement 
with t h e  Ranger series o f  photographs s o  t h a t  t h e  l o c a l e  of Luna 9 cannot 
be considered t o  be unusual i n  any obvious way. 
s u r e l y  no s u r p r i s e .  
With very  few exceptions,  
That it is  spongy is 
L a t e r  i n  t h i s  r e p o r t  w e  emphasize t h a t  t h e  photometric func t ion  of 
t h e  moon very c e r t a i n l y  r equ i r e s  t h a t  v i r t u a l l y  a l l  of t h e  su r face  is  an 
underdense powder. In f a c t ,  t h e  powder has t o  be underdense i n  t h e  sense 
t h a t  t h e  i nd iv idua l  powder g r a i n s  cannot be packed down i n  t h e  manner tha t  
a g r a v e l - p i l e  packs i tself .  This means t h a t  t he  open su r face  s t r u c t u r e  on 
a cent imeter  s c a l e  t h a t  was revealed by Luna 9 is i t s e l f  made up of an 
open micros t ruc ture  on a 0.1 am sca le  o r  smal le r .  Hapke and Van Horn 
es t imated  t h a t  6 0 ~  p a r t i c l e s  were t h e  l a r g e s t  t h a t  would not  s u f f e r  grave l -  
p i l e  packing i n  t h e  l u n a r  g r a v i t y  f i e l d .  
O! 
Other evidences f o r  a tenuous su r face  l a y e r  could be c i t e d .  In a 
( 2 )  r ecen t  review Ruskol c i t e s ,  fo r  example, t he  time cons tan t  f o r  tempera- 








thermal  emissions from t h e  moon, and t h e  r e f l e c t i v i t y  i n  r ada r  measure- 
ments. Seve ra l  of t h e s e  e f f e c t s  r equ i r e  a fa i r ly  tenuous l a y e r  t o  a 
depth of several t e n s  of meters. It could be menrioned t h a t  Jaffe 
has supported t h e  suggest ion by s e v e r a l  of t h e  members of t h e  Ranger ex- 
per imental  team t h a t  t h e  nea r ly  unanimously rounded appearance of ?,he 
l u n a r  c r a t e r s  having about 100 m diameter implies  t h e  presence of an 
ove r l ay  of 5 t o  10 m of g ranu la r  material. In  s t u d i e s  of  model c r a t e r s ,  
Jaffe is  a b l e  t o  c l o s e l y  match t h e  p r o f i l e s  of  model c r a t e r s  t o  those of 
Mare Cognitum by s i f t i n g  a l a y e r  of sand over  the model craters. 
(3> 4) 
A new evidence f o r  a tenuous su r face  layer has been given by r ada r  
s p e c i a l i s t s  of MIT's Lincoln Laboratory. 
Hagfors e t  al. (5)  conclude t h a t  most of t h e  moon has an upper l a y e r  of 
low d e n s i t y  and having a thickness  a t  least i n  excess  of t h e i r  radar 
wavelength. The e f f e c t  t hey  study is, i n  f a c t ,  c l o s e l y  r e l a t e d  t o  t h e  
limb darkening i n  thermal emission from t h e  moon. A t  oblique incidence, 
t h e  abso rp t ion  i n  a tenuous upper layer is  expected to be d i f f e r e n t  f o r  
waves l i n e a r l y  po la r i zed  i n ,  and perpendicLlsr tc t h e  i x a l  plane of 
incidence of  t h e  wave. The underlying l a y e r  i s  expected t:, b s c k s c 2 t t e r  
t h e  two p o l a r i z a t i o n s  equal ly .  They f i n d  a systematic  d i f f e r e n c e  i n  
t h e  two p o l a r i z a t i o n s  f o r  most o f  the moon b u t  n o t .  f o r  example, f o r  t h e  
r a y  crater Tycho. 
most of t h e  moon. This value is i n  very good agreement with t b e  d i e l ec -  
t r i c  cons t an t  i n f e r r e d  from limb dai-kening of t h e  thermal emission at 
similar wavelength. Tycho is  a l s o  anomalous tkermally, and must have 
a t  most, a t h i n  upper l a y e r .  
From data a t  23 em wavelength, 
The d a t a  imply a d i e l e c t r i c  c o n s t a n t €  = 1.7-1.8 f o r  
-6- 
The l u n a r  d i e l e c t r i c  cons t an t  i n f e r r e d  from t h e  radar r e f l e c t i v i t y  
i n  a one-layer model i s  s i g n i f i c a n t l y  higher  than t h a t  given by t h e  r ada r  
method a t  obl ique incidence.  But the two r a d a r  r e s u l t s  can be r econc i l ed  
i f  t h e  underlying layer i n  a two-layer model is  s o l i d  rock. The depth t o  
t h e  s o l i d  rock would be 5 t o  10 m i f  t h e  inc rease  i n  radar re f lec t iv i ty  
a t  10 t o  20 m wavelengths found by Davis and Rohlfs(6)  were considered 
t o  be real. Unfortunately, t h e  u n c e r t a i n t i e s  i n  t h e  l u n a r  r e f l e c t i v i t y  
are so  l a r g e  t h a t  l i t t l e  confidence can be assigned t o  d i f f e r e n c e s  between 
t h e  measured ref l e e  t ivi. t ies . 
Davis and 
t h e r e  e x i s t s  a 
delays ( angles  
Rohlfs and earlier workers unequivocally e s t a b l i s h e d  t h a t  
wavelength dependence of t h e  r e f l e c t e d  power at  va r ious  
of  incidence)  r e l a t i v e  t o  t h e  i n i t i a l l y  re turned power. 
/ - \  
A s  suggested by Evans, t h e  moon d i s p h y s  a c e n t r a l  b r i g h t  s p o t  t h a t  
c o n t r a c t s  and b r igh tens  wi th  inc reas ing  wavelength of t h e  radar .  This 
r e s u l t  has  t r a d i t i o n a l l y  been i n t e r p r e t e d  as evidence f o r  a sandy, d e s e r t -  
l i k e  s u r f a c e  of f a i r l y  g e n t l e  undulations with a f e w  rocks strewn over i t  
t o  a c t  as d i s c r e t e  s c a t t e r e r s  a t  oblique incidence. It should be c l e a r  
that t h i s  wavelength dependence of t h e  r e f l e c t e d  power a t  varying angle 
of incidence a l s o  gives  some information on the make-up of what l i e s  
w i t h i n  t h e  overlying tenuous layer. A t  decameter wavelengths t h e  over- 
l y i n g  l a y e r  looks q u i t e  smooth t o  the radar,  while a t  s h o r t e r  wavelengths 
it i s  r e l a t i v e l y  rough. This suggests t h a t  t he  tenuous l a y e r  i s  r e l a t i v e l y  
"grainy" a t  cent imeter  wavelengths b u t  i nc reas ing ly  homogeneous a t  meter 
and decameter wavelengths. This suggestion is supported by t h e  v i r t u a l  
absence of any v i s i b l e  o b j e c t s  o f  10 ern dimension o r  l a r g e r  i n  t h e  Lma 9 
-7- 
photographs. 
i n  t h o s e  photographs. 
Obviously a l a r g e  body of data p r e d i c t e d  a spongy su r face  
The d e n s i t y  of  t h e  overlying tenuous h y e r  t h a t  i s  r equ i r ed  by i ts  
thermal  i n e r t i a ,  r a d a r  backsca t t e r ,  and o p t i c a l  b a c k s c a t t e r  is i n  t h e  
neighborhood of 0.5-1.2 gm/cm . 3 Can a low d e n s i t y  substance have such 
2 
"bear ing s t rength ' '  as t h e  2-3 x 10 5 dyne/cm estimated above? For com- 
parison,  w e  analogously analyzed t h e  "bearing s t r eng th"  of  poured, s e l f  - 
compacting powders i n t o  which w e  dropped g l a s s  spheres .  Burial  of n e a r l y  
h a l f  t h e  sphere implied an estimated "bearing s t r eng th"  o f  the order  of 
LO5 dyne/cm . 
with t h e  moon photometr ical ly)  would have lower "bearing s t r e n g t h "  by  a n  
o rde r  of  magnitude. 
cohesionless  powders and t h e  moon's su r f ace  is  n o t  l a r g e  b u t  may be real. 
On t h e  o t h e r  hand, t h e  impact o f  Luna 9 a t  a f e w  meters p e r  second i n  a 
cohesionless  powder would cause a considerable  sp l a sh  of  d i sp l aeed  mate- 
r i a l  t o  s e v e r a l  package diameters.  But s c r u t i n y  of i t s  photos r evea l s  
no apparent  change 'In t h e  s u r f a c e  appearance berween 1 and 5 m fro= t he  
c r a f t .  In  f a c t ,  it wocld be  d i f f i c u l t  t o  b e l i e v e  that a coLesionless 
powder could come t o  rest  with t h e  open s t r u c t u r e  seen i n  t b e  1-5 rn 
r a d i a l  zone around Luna 9. 
2 S i f t e d ,  non-compacting powders ( t h a t  give be t te r  agreement 
"ke discrepancy i n  b e a r i n g  s t r e n g t h  between t h e s e  
The material i n t o  which Luna 9 impacted is probably: t h e r e f o r e ,  co- 
hesive.  If it is  powdery as required by  t h e  argument f o r  a tenuous sur- 
face,  t h e  powder could become cohesive by  being s i n t e r e d  or welded a t  
t h e  i n t e r p a r t i c l e  con tac t  po in t s .  A paper on s i n t e r i n g  o f  l una r  dust  








at  t h e  moon's su r f ace  should cont r ibu te  t o  s i n t e r i n g  of dust .  
be a means o f  making c r y s t a l  l a t t i c e  d e f e c t s  a v a i l a b l e  (vacancies  o r  in -  
There must 
t e r s t i t i a l s ,  p a r t i c u l a r l y ) .  Once t h e  de fec t s  are avai. lable,  t h e r e  must be 
adequate thermal  a g i t a t i o n  t o  move them t o - t h e  c r y s t a l  surface.  He makes 
t h e  p o i n t  t h a t  su r f ace  temperatures are adequate f o r  motion of i n t e r s t i -  
t ia ls ,  a t  least. Motion of vacancies i n  i n s u l a t i n g  c r y s t a l s  i s  l e s s  cer -  
t a i n .  As  t o  a source of l a t t i c e  defects ,  he tends t o f b o r  solar p a r t i c l e s  
of MeV energ ies  and higher .  Ee f e l t  t h a t  cohesion a r i s i n g  from s o l a r -  
wind ions  through cold-welding due t o  s p u t t e r i n g  or through s in t . e r ing  
due t o  c r y s t a l  damage w a s  a p t  t o  requi re  doses corresponding t o  about 
10 y r  of unperturbed exposure. We f e e l  t h a t  such t ime per iods of un- 
5 
(9 1 per turbed  exposure may indeed be poss ib le  on t h e  b a s i s  of our s t u d i e s ?  
of t h e  darkening rate of powders subjec ted  t o  a s imulated s o l a r  wi.nd. 
Ln t h e  equiva len t  of 10 4 y r  of exposure t o  t h e  s o l a r  wind, we i n v a r i a b l y  
f i n d  a de tec t ab le  increase  i n  cohesion of t h e  sur face  p a r t i c l e s .  In tke  
same time per iod  our sample albedos a r e  decreased t o  luna r  albedos f o r  
many rock mater ia l s .  In times equivalent.  t o  10 y r ,  a number of materials 5 
become decidedly darker  than any known L u n a r  albedo. Whether our increase  
i n  i n t e r p a r t i c l e  cohesion is adequate f o r  very  underdense powders t o  agree 
with t h e  l u n a r  "bearing s t r eng th"  w i l l  be t h e  s u b j e c t  of  f u t u r e  research .  
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11. SPUTTERING YIELD REDUCTION DUE TO SURFACE ROUGHNESS 
A knowledge of ion bombardment s p u t t e r i n g  rates f o r  Likely l u n a r  sur -  
f a c e  ma te r i a l s  is important with respect  t o  estimates of t h e  amount of 
m a t e r i a l  moved and poss ib ly  removed from the  luna r  su r face  by a c t i o n  of 
t h e  s o l a r  wind. Most publ ished s p u t t e r i n g  y i e l d  data were obtained f o r  
smooth sur faces ,  (lo) bu t  it is  known t h a t  su r f ace  roughness can r e s u l t  i n  
a g r e a t l y  reduced y i e ld .  L a s t  quar te r ,  i n  connection w i t h  our argon bom- 
bardment of porous n i c k e l  d i sks ,  it w a s  noted t h a t  t h e  s p u t t e r i n g  y i e l d  
f o r  t h e  porous n i c k e l  under 400 e Y  argon ion bombardment w a s  0.6 atom! 
ion, about one-half t h a t  expected f o r  a smooth s o l i d  N i  sur face .  Severa l  
yea r s  ago, i n  bombardment s t u d i e s  with threaded n i cke l  cy l inde r s .  we found 
t h a t  y i e l d s  were reduced up t o  more than  50% due t o  re-attachment of sput -  
t e r e d  atoms, e s p e c i a l l y  a t  t h e  lower ion  energ ies .  
su r f ace  roughness t o  an extreme, we have determined the  s p u t t e r i n g  y i e l d  
of a su r face  composed of t he  poin ts  of  common sewing needies f o r  500 e Y  
mercury ion bombardment. 
I n  an  e f f o r t  t o  c a r r y  
The needles i n  our sample a r e  0.76 mm i n  diameter and made of a 
n i cke l -p l a t ed  steel. 
g l a s s  cy l inder ,  w i t h  only t h e  ends be ing  exposed t o  the  plasma. 
i s  a p i c t u r e  of t h e  t a r g e t  conf igura t ion  after a considerable  amount of 
m a t e r i a l  w a s  spu t t e red  away. 
sample edge, under more oblique i o n  bombardment, wedge shaped. The t a r -  
g e t  w a s  bombarded f o r  24 h r  by 500 eV mercury ions w i t h  a 3.2 mA/cm ion 
c u r r e n t  dens i ty .  The same t a r g e t  
w a s  subsequently bombarded f o r  an  a d d i t i o n a l  24 h r  w i t h  an average weigkrt. 
Severa l  hundred of  them a r e  t i g h t l y  h e l d  i n  a 
Figure l 
The needle ends became b lun t  and a t  t h e  
2 
The average w e i g h t  l o s s  w a s  5.5 mg/hr. 
-10- 
I 
Fig. 1 Sewing needle t a r g e t  configurat ion 








loss of 6.9 mg,/hr. 
s l u g  w a s  mounted i n  t h e  same s i z e  g l a s s  s h i e l d  and sub jec t ed  t o  bombard- 
For comparison purposes: a N o ,  1020 co ld - ro l l ed  s tee l  
ment condi t ions i d e n t i c a l  t o  those of t h e  needles.  The r e s u l t a n t  average 
weight loss w a s  16.6 rng/hr. 
face conf igu ra t ion  has  a s p u t t e r i n g  y i e l d  o f  approximately l /3  t h a t  of 
These y i e l d s  i n d i c a t e  t h a t  t h e  needle su r -  
a smooth s o l i d  surface.  The increasing e ros ion  rate as t h e  needle p9int.s 
became b l u n t e d  i n d i c a t e s  t h a t  roughness might have i n i t i a l l y  reduced t h e  
n e t  s p u t t e r i n g  y i e l d  t o  l e s s  t han  l/3 of t h a t  f c r  a smooth surface.  
Judging from t h e  threaded n i c k e l  cy l inde r  s t u d i e s ,  bombardment at 
i o n  ene rg ie s  lower than  500 e V  would r e s u l t  i n  s t i l l  smaller r a t i o s  of 
rough t o  smooth s u r f a c e  y i e lds .  This dependence of t h e  e f f e c t  of rougk- 
ness  on ion e n e r a  is r e l a t e d  t o  the changing angular  d i s t r i b u t i o n  of 
s p u t t e r e d  atoms. For i o n  energies  below a f e w  hundred e l e c t r o n  v o l t s ,  
s p u t t e r e d  atoms a r e  r e l a t i v e l y  l e s s  numerous perpendicular  t o  t h e  sur- 
face than f o r  h ighe r  ion energies."') B u t  above about 500 eV? t h e  
angular  d i s t r i b u t i o n  i s  nea r ly  cos& j u s t  as it has been found t o  be 
f o r  H ions of solar-wlnd energies  impacting on Ag. We the ref ere 
+ (12) 
b e l i e v e  t h e s e  f ind ings  f o r  5OC e V  Hg ions are d i r e c t l y  comparable t,o 
roughness e f f e c t s  experienced i n  solar-wind spu t t e r ing .  
These f indings,  app l i ed  t o  the very rough and porous l a y e r  surface,, 
i n d i c a t e  t h a t  solar-wind s p u t t e r i n g  y i e l d  estimates probably skcmld be 
r ev i sed  downward. In our  published estirnate'13' an allowance of l/? 
I 
w a s  made f o r  t h e  e f f e c t  of roughness. 
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111. CHEMICAL SPUTTERING OF GRAPHITE 
I n  1926 Guentherschulze (14' observed t h a t  hydrogen ion bombardment 
may, w i t h  c e r t a i n  mater ia l s ,  give r i s e  t o  chemical o r  r e a c t i v e  s p u t t e r i n g  
with l a r g e r  y i e l d s  than  i n  phys ica l  spu t t e r ing .  In order  t o  more quant i -  
t a t i v e l y  determine t h e  e x t e n t  o f  t h i s  chemical s p u t t e r i n g  e f f e c t ,  s o l i d  
g raph i t e  w a s  bombarded by hydrogen ions  from an rf supported hydrogen 
plasma. A s l u g  w a s  formed from a spectrographic  grade graphi te  e lec-  
t r o d e  and dc bombarded by hydrogen ions with energ ies  of 200, 400, and 
600 eV and cu r ren t  d e n s i t i e s  of from 2 t o  4 mA/cm . 
vs  ion  energy i n  Fig. 2 shows t h a t  t h e  r e s u l t a n t  hydrogen s p u t t e r i n g  
y i e l d s  are a t  least one o rde r  o f  magnitude h igher  than  would be expected 
for phys ica l  spu t t e r ing .  Yie ld  curves a r e  a l s o  given f o r  helium and 
argon bombardment f o r  comparison purposes. The s lope  as w e l l  as t h e  
magnitude of t h e  y i e l d  curve for hydrogen i n d i c a t e s  chemical s p u t t e r i n g  
e f f e c t s .  Poss ib ly  some of t h e  increase  i n  y i e l d  w i t h  ion energy can be 
a t t r i b u t e d  t o  t a r g e t  temperature and chemical r e a c t i o n  r a t e  increase  
w i t h  increas ing  ion energy. I n t e r e s t i n g l y ,  t h e  y i e l d  approaches uni ty .  
This means t h a t  each hydrogen ion  causes t h e  removal of  one carbon atom. 
The r e l a t i v e  con t r ibu t ion  of  H+, HZ , and H -F a r e  not  known, however. 
The high carbon s p u t t e r i n g  rates under solar-wind bombardment make it 
u n l i k e l y  t h a t  one w i l l  f i n d  free carbon on t h e  solar-wind exposed lunar 
sur face .  
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Fig. 2 Spu t t e r ing  y i e l d  vs ion energy f o r  s o l i d  graphi te .  
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IV. WATER FORUllTION BY SOLAR-WIND BOMBARDMENT 
We a r e  j u s t  beginning experiments t o  a s c e r t a i n  t o  what ex t en t  t h e  
s o l a r  wind might have con t r ibu ted  t o  t h e  formation of  water  molecules. 
A l i q u i d  n i t rogen  cooled co ld  f i n g e r  and a Consolidated Electrodynamics 
Corporat ion Ty-pe 21-611 Residual  Gas Analyzer are p r e s e n t l y  being i n s t a l l e d  
i n  our  hydrogen plasma ion  bombardment vacuum system. By comparing water 
evolved from t h e  co ld  su r face  a f t e r  equal  per iods with and without sample 
bombardment, we hope t o  be ab le  t o  d e t e c t  t h e  presence and e x t e n t  of any 
w a t e r  molecule formation due t o  the hydrogen bombardment of  a powder sample. 
The r e c e n t  work by Blauth and Meyer 
due t o  t h e  a t t a c k  of g l a s s  by atomic hydrogen is  of much i n t e r e s t  i n  t h i s  
connection. Such H 0 formation should s a t u r a t e  after removal of a f r ac -  
t i o n  of a monolayer of oxygen. Clear ly  such H 0 formation i s  of l i t t l e  
consequence f o r  t h e  moon because a monolayer of oxygen removed from a l l  
t h e  su r face  of a l l  t h e  close-packed 5Ou spheres i n  a 1 cm column 1 m 
high would y i e l d  only about 2 mg of water. Since the  mass of r e l eased  
water depends on only t h e  f i r s t  pover of t h e  assumed p a r t i c l e  diameter.  
t h e  es t imate  i s  not  very s e n s i t i v e  t o  choosing 5O,u spheres.  




However, i n  t h e  presence of sput te r ing ,  new su r faces  a r e  being con- 
t i n u a l l y  exposed. Therefore as much as a few percent  of t h e  oxygen con- 
t a i n e d  i n  a 10 t h i c k  l a y e r  on the moon might have been converted t o  
H20. 
t h i s  experiment i n  t h e  next  q u a r t e r l y  r epor t .  
Barr ing unforeseen d i f f i c u l t i e s ,  we hope t o  r epor t  t h e  r e s u l t s  of 
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V. Tm PHOTOMETRIC FUNCTION O F  THE MOON 
A. In t roduc t ion  
A l a r g e  number of  l u n a r  photometric d a t a  i n  t a b u l a r  form were re- 
c e n t l y  publ ished by Gehrels, Coffeen, and Owings (16) (GCO). 
ob t a ined  p h o t o e l e c t r i c a l l y ,  o f f e r  an unprecedented opportuni ty  t o  c l o s e l y  
d e f i n e  t h e  func t ion  governing t h e  i n t e n s i t y  of l i g h t  s c a t t e r e d  from 11 
s e l e c t e d  regions of t h e  moon. 
These data, 
Some a n a l y s i s  of  t h e  photometric d a t a  w a s  made i n  GCO i n  terms of  
t h e  theo ry  proposed by Hapke. (17) Unfortunately,  t8he photometric func- 
t i o n  of  Hapke is i n v a l i d  because of  a mathematical e r r o r  and a t  least  
two mathematical procedures t h a t  are no t  p h y s i c a l l y  t enab le ,  as w i l l  
be d i scussed  below. 
We have completely re-analyzed t h e  photometric d a t a  of  GCO. In  
add i t ion ,  t h e s e  data on ind iv idua l  f e a t u r e s  have been compared t o  t h e  
b r i g h t n e s s  of  t h e  whole moon as measured by Rougier (18) af ter  p u t t i n g  
t h e  two sets  of data on t h e  same bas i s .  
t h e  whole moon d a t a  with t h a t  o f  most  of t h e  11 l u n a r  f e a t u r e s  confirms 
t h e  v a l i d i t y  of our procedure. 
The e x c e l l e n t  agreement of  
The thus  c l o s e l y  de f ined  photometric func t ion  of t h e  moon w i l l  be 
compared with t h a t  o f  powder samples darkened by a s imulated s o l a r  wind. 
A q u a l i t a t i v e  theory of t he  l u n a r  photometric f u n c t i o n  w i l l  be offered.  
It w i l l  be shown t h a t  t h e  numerous previous suggest ions t h a t  t h e  su r face  
of t h e  moon has a tenuous s u r f a c e  o f  small p a r t i c l e s  i s  given emphatic 
support  by these  new photometric da t a  and t h i s  new a n a l y s i s  procedure. 
-16- 
B. Analysis of Photoe lec t r ic  Photometry of the  Moon 
1. Procedure 
The suggest ion w a s  made by Hapke (") t h a t  it is  v a l i d  t o  f a c t o r  t h e  
l u n a r  photometric func t ion  I(i,C,a) i n t o  a func t ion  L ( i , C )  of angles  of 
incidence i and of emergence 6 and a second func t ion  F(a) t h a t  depends 
on phase angle  a only. 
duct F(a) = S ( a ) B ( a > ,  where S ( a )  descr ibes  how an average p a r t i c l e  s ca t -  
t e r s  l i g h t  and B(a) r e s u l t s  from shadowing wi th in  a tenuous sur face  of 
small, opaque p a r t i c l e s .  
two funct ions can be accomplished for l u n a r  data, s o  our a t t e n t i o n  s h a l l  
be  confined t o  F(a). 
He separated the second func t ion  i n t o  another  pro- 
However, no experimental  s epa ra t ion  of F(a) i n t o  
The func t ion  of incidence and emergence L ( i , € )  t h a t  w a s  suggested 
by  Hapke is the  Lommel-Seeliger funct ion 
-1 
L ( i . , c )  = (1 + cos E see  i) 
= cos i / ( cos  i + cos 6 ) . 
There has  been no previous t e s t  whether t h e  proposed f a c t o r i n g  of 
I( i,E,a) is va l id .  
pond t o  values of I ( i , € , a ) .  
p l o t  L-'I, which should correspond t o  the  func t ion  F(a). 
!he observat ional  d a t a  OE i n d i v i d u a l  f e a t u r e s  c9r res -  
A test of t h e  f a c t o r i n g  of I(i,€,a) is t o  
F(a)  = 
If the  f a c t o r i z a t i o n  
should be  symmetric about 
is val id ,  t h e  data on ind iv idua l  f e a t u r e s  
a = 0. 





















Light  from t h e  whole moon should no t  be expected t o  be  symmetric 
i n  p o s i t i v e  and negat ive phases because of  t he  l a r g e r  area of maria at. 
p o s i t i v e  phases. Nevertheless,  t he  assumption of f a c t o r i z a b i l i t y  as 
i n  ( 2 )  f o r  each l u n a r  area permits  t h e  sepa ra t ion  of  t h e  t o t a l  l i g h t  
T ( a )  as follows: 
A f t e r  i nve r s ion  of  (4), t h e  transformed d a t a  on t h e  whole moon co r re s -  
ponding t o  F(a) should agree with t h e  F(a) of an average ind iv idua l  
l u n a r  f e a t u r e s ,  provided t h a t  it is v a l i d  t o  f a c t o r  I(i.,€,a) as suggested 
by Hapke. In  f a c t ,  t h e  l u n a r  photometric data t r e a t e d  i n  t h i s  way show 
t h a t  f a c t o r i n g  ou t  a Lommel-Seeliger dependence is  a ve ry  good approxima- 
t i o n .  
2. The Brightness  of Se lec t ed  Lunar Features  
In  Figs .  3-13, t h e  data of GCO on t h e  b r igh tness  i n  green l i g h t  of 
11 l u n a r  f e a t u r e s  are presented as a func t ion  of phase angle.  Negative 
phase angle  d a t a  are ind ica t ed  by  c i r c l e d  po in t s .  MeasuremenTs t h a t  were 
considered less c e r t a i n  i n  WO a r e  ind ica t ed  by  crosses .  One n o t i c e s  t h a t  
i n  t h i s  range o f  phase angles  one f i n d s  no decided tendency f o r  t h e  c i r -  
c l e d  p o i n t s  t o  dev ia t e  from the  other  po in t s .  The curires drawn i n  Figs .  
3-13 are f o r  l a te r  r e fe rence .  H i s t o r i c a l l y ,  t h e  r ise  of  the d a t a  p o i n t s  
above t h e  reference curve a t  phase ang le  IctI< 10' had n o t  been i d e n t i -  
f i e d  as real  by any previous luna r  i n v e s t i g a t o r s .  
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A f e w  remarks are needed on the d a t a  comprising Figs .  3-13* The 
measurements were obtained with 4 d i f f e r e n t  instruments,  mostly a t  Goethe 
Link Observatory i n  Indiana with an angular  a p e r t u r e  l a te r  determined t o  
be about 13 see  of a r c  and at t h e  Ca ta l ina  instrument north of Tucson, 
Arizona, with a n  angular  a p e r t u r e  of nea r ly  Z3". Photometric d a t a  on 
only t h r e e  n igh t s ,  a l l  of quest ionable  seeing, were r epor t ed  from t h e  
U. S. Naval Observatory a t  F l a g s t a f f ,  Arizona. The F l a g s t a f f  ape r tu re  
w a s  known t o  be 4.6" and t h e  d a t a  from j u s t  one n i g h t  at t h a t  instrument 
( n e a r  +12.l0 phase) w e r e  f i t t e d  t o  t hose  from Indiana. 
p ars t o  have been a poor one because, af ter  removal of t h e  Lommel- 
S e e l i g e r  dependence as i n  Figs.  3-13, t h e  F l a g s t a f f  d a t a  from t h e  o t h e r  
two phases (nea r  - l 4 O  and -lo) a r e  uniformly h ighe r  t han  t h e  Indiana 
data .  
of 0.90. 
mental d i f f i c u l t y ,  a t  t h e  McDonald Observatory nea r  F o r t  Davis, Texas. 
The a p e r t u r e  w a s  5.02" and t h e  data seem t o  have been f i t t e d  s a t i s f a c -  
z o r i l y  t o  t h e  Indiana da-ca. 
The choice ap- 
+ 
Therefore, w e  have mul t ip l i ed  a l l  t h e  F l a g s t a f f  d a t a  by a f a c t o r  
A f e w  data were obtained, appa ren t ly  with considerable  experi-  
It i s  necessary t o  g ive  2 d e t a i l e d  s ta tement  concerning t h e  photo- 
metr ic  d a t a  because it w a s  suggested i n  GCO t h a t  an experimental ly  s i g n i -  
f i c a n t  decrease i n  t h e  b r i g h t n e s s  of t hese  11 f e a t u r e s  took p l a c e  from 
1956-59 t o  1963-64. 
f o r e  t h e  conjecture  w a s  en t e r t a ined  t h a t  a gene ra l  luminescence of t h e  
moon might have been detected.  
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Because of t h i s  suggestion, we p l o t t e d  the  C a t a l i n a  d a t a  (19'3-64) 
s e p a r a t e l y  from t h e  o t h e r  d a t a  (1956-59). 
d a t a  were kep t  s e p a r a t e ,  
phases (before  f u l l  moon). 
t h e  observer  i n  o r d e r  t o  c o r r e c t  f o r  a predominance of p o s i t i v e  pkases 
i n  t h e  ear l ier  data .  Without any assumption except smoothness about t h e  
shape of F(a),  w e  t r i e d  t o  determine t h e  "decrease" f a c t o r s  t h a t  should 
mul t ip ly  t h e  ear l ie r  d a t a  f o r  each of  t h e  11 f e a t u r e s  s3 as t o  b r i n g  
them intG agreement with t h e  Catal ina da t a .  Because w e  did n o t  w s n t  ts 
inf luence t h e  t e s t  as t o  whetk,er F!-cx! = Fjrz;) i n  Figs.  3-13, w e  deter- 
mined t h e  "decrease" f a c t o r  f o r  each f e a t u r e  by superimposing t h e  two 
p l o t s  f o r  each f e a t u r e  e i t h e r  w i t h  phase angle  i n c r e a s i n g  i n  t h e  same 
sense  i n  t h e  two p l o t s  o r  with phase angles reversed. I n  t h e  la t ter  case,  
t h e  abundant d a t a  of C a t a l i n a  a t  negative phases W ~ S  superimposed on t h e  
abundant earlier d a t a  of p o s i t i v e  phases. If t h e  "decrease" f a c t o r s  had 
been s i g n i f i c a n t l y  d i f f e r e n t  i n  +be former and l a t t e r  zasec ti-en t h e  
t e s t  of F(-a) = F(D) WGUX not  be r e l i 2 b i e  I n  Figs .  3-13. 
i n  t h e  same sense,  t h e  "decrease" f a c t o r  averaged @.8? 17ith a s z a t t e r  
of about fO.03. With phases i n  reversed sense, t h e  "decrease" f a c t o r  
averaged 0.86. The scatter i n  t h e  l a t te r  determinat ions w a s ,  o f  course 
markedly less: about -0.01. We conclude t h a t  t h e  "decrease" f a c t o r  w a s  
independent of  t h e  phaee angle reversed. The f e a t u r e  Tycko kad a s i g n 5 -  
f i c a n t l y  d i f f e r e n t  "decrease" f a c t o r .  
"decrease" of 0.81 f o r  e i t h e r  sense of  t h e  pkases f o r  Wcho. Tl - le  g r e a t e r  
decrease f o r  Tycho is  probably due t o  t h e  l a r g e r  m g u l a r  a p e r t u r e  i?f t l-e 
P o s i t i v e  and negat ive phase 
The bulk of  t h e  C a t a l i n a  data are f o r  negative 
This was a d e l i b e r a t e  choice on t h e  p a r t  of 
W i t k -  phsses 
+ 
The data r equ i r ed  a b r i g h t n e s s  
-31- 
C a t a l i n a  instrument: a 23" ape r tu re  c e r t a i n l y  includes some of t h e  darker  
area surrounding Tycho. In p l o t t i n g  Figs .  3-13> a l l  t h e  C a t a l i n a  d s t a  
were increased by (0.86) 
A l l  t h e s e  d a t a  are given i n  Tables I and 11. 
i n t e n s i t i e s  are a l l  reduced by 0.90. 
been inc reased  i n  Table I1 b u t  a r e  given as i n  GCG. In a d d i t i o n ,  t h e  
i n t e n s i t i e s  of 8 a d d i t i o n a l  f e a t u r e s  are given. 
s u r e d  a t  on ly  a f e w  phases bu t  t h e  d a t a  should permit t h e  assignment of  
re la t ive b r igh tnesses  t o  t h e s e  a d d i t i o n a l  f e a t u r e s ,  
-1 except f o r  Tycho, where t h e  inc rease  w a s  (C.81)-'. 
In Table I t h e  F l a g s t a f f  
The C a t a l i n a  i n t e n s i t i e s  have not  
These f e a t u r e s  w e r e  mes- 
By a completely d i f f e r e n t  procedure i n  GCO, i t  w a s  suggested t l i a t  
t h e  decrease i n  l u n a r  b r igh tness  from 1956-59 t o  1963-64 w a 5  LO t o  ?O& 
and probably n o t  l e s s  than 14%. 
from 3 n i g h t s  of quest ionable  seeing t h a t  are be ing  compared fo t h e  
C a t a l i n a  data ("known" a p e r t u r e s  1. our a n a l y s i s  implies  a "decrease" of 
(0.901 x (0,861 = 0.774in t h e  b r igh tness  of 10 lunar f e a t u r e s ,  
t h e  c o l o r s  of  t h e s e  features d id  n o t  change i n  this per iod ,  t h e  i n d i c s t e d  
luminescence" is  d i s +  r i b u t e d  evenly fkrougliout t k e  optical 5Fec-t rum and 
is  no t  less than (100-7:m4),/;7m4 = O,?9 as i n t e n s e  as r e f l e c t e d  sun l igk t .  
Since luminescent e f f i c i e n c i e s  a r e  commonly 3, f e w  pe rcen t  or less, +kere 
simply is  no conceivable energy source f o r  "Luminescence" of tbis magni- 
tude. S u r e l y  u n c e r t a i n t i e s  i n  instrument i n t e r c a l i b r a t i o n s  of t h e  order  
of 10% are a more reasonable explsnat ion of t h e  i n t e n s i t y  s h i f t s .  




Table I - Removal of  Lommel-Seeliger dependen e from brightnesses 
during 1956-59. 716 1 of 19 lunar features  studied i n  GCO 
F = 10 -0.4 v x 3 [I + c o s >  sec ( A  + a ! ] .  
- 1.7 0.832: 
- 1.3 f 1.021: 
- 1.1 0.914: 
0.9 f 1.111: 















- a A Fia! 
M. Hmorum (-4Z037', -22'28'1 
1.6 m 0.742 
2.1 m 0.694: (b! 
16.3 m 0.440( 1 
31.5 m 0.348 
Near Hortensius ( -29"21's O7"ZO' 
-13.2 f 0.529: 
- 2.0 0.833 















53.2 q 0.698 23.8 0.440 
24.5 0.428 
( a )  Data a t  unmarked phases from Indiana. Data marked "f" from Flagstaff ,  
"ml' from McDonald. I 
(b )  "Correction inc ludes  presumed tube v o l t a g e  change. I ( e )  ''Hazy.r poor cal ibrat ion."  
oo r  seeing. " 













-12.8 f 0.971: 
-12.4 1.148 
-13.7 f 0.549 
- 2.1 0.868 
- 2.2 1.496 - 1.6 0. goo 
0.912:: - 1.4  f - 1.6 1.550 
1.0 f 0.866: 
0.782: (b) 
- 1.4 f 1.543 
2.0 m 0.8 f 1.530 
0.576 1.5 m 1.386 
2.1 m 1.338: (b 1 
7.1 1.010: (d )  
10.1 
12.2 f 0.502: 
12.5 0.552 
0.526 10.1 1.062 13- 5 
14.8 0.508 12.1 f 0.927: 
0 e 460 
0.486: !d) 
20.2 12.5 1.030 
20.2 m 13.2 1.018 
0.444 23.7 14.7 0.972: 





53.4 - 34- 
- Q: - F b )  
Qcho ( - l l ' l 7 ' ,  -43'18') 
-14.6 f 1.264: 
-13.4 f 1.377 
-12.8 f 1.373 
-12.7 1.380 
- 2.5 1.762 
- 1.4  f 1.904 
- 1.2  f 1.735: 
- 1.1 1.982 
1.0 f 1.930 
10.5 1.428: 
11.6 1.380 
12 .2  1.300 
13.3 1.380: 
19.6 1.336: 
23* 5 1.182 
24.1 1.162 
Eas t  of Clavius  D (-10°03', -58'41') 
-42.1 m 0.660: 
-41.6 m 0.668: 
-12.7 f 0 992 
- 1.7 1.824 
- 1.4 f 1.656 
0.8 f 1.683: 
Cont'd. i n  Second Column 
Table I (Cont 'd.)  
- a: - 
Eas t  of ClaviusD(Cont Id. ) 
2.4 1.480 
1 2 . 1  f 0.927: 
16.8 rn 0.940(c) 
21.0 m 0.822: 
31.1 0.728 
52.8 0.556: 
P la to ,  w of Center  (-10"32', 51025;) 
-42.4 m 0.296: 
2.0 rn 0.830: (b 1 
7.2 rn 0.598: ( dl 
7.7 rn 0.572 
20.3 rn 0.474: (d)  
31.0 0.412 
52.2 m 0.232 
Plato,  Center ( -09' 18 ' 51" 28 ' 
-13.8 f 0.517: 
-12.5 0.578 
- 2.6 0.798 
- 1.5 0.880 
- 1.3 f 0.837 
1.0 f 0.814: 
10.3 0.516 
11.5 0.512 








- a F(d 
Plate, Center (Cont ' d. ) 






Plat,o, E of Center 408"16', 51'46' ) 
69.7 0.0528: 
82.2 0.0600: (d) 
Near Plato ( -07' 10 ' , 54' 36 ' ) 
-13.7 f 0.751 
- 2.1 1.286 
- 1.3 1.358 
- 1.2 f 1.303 
1.0 f 1.303: 
10.4 0.792 






53.3 m 0.326 
Table I (Cont'd.) 
- a F(a )  
M. Serenitatis (21'59', 25'03') 
-13.9 f 0.464 
- 1.8 0.812 
- 1.4 f 0 0 794 
- 1.3 0.836 
0.9 f 0.801: 
12.0 f 0.412: 




Nicolai (25"59', -42'23:) 
18.3 UI 1.058 
M. Serenitatis , E (26' 50: , 28'02' ) 
-13.9 f 0. L88 
- 2.1 0.766 
- 1.4 f 0.779 
- 1.3 0.790 
0.9 f 0.738 
10.4 0.502 
11.6 0.462 
12.0 f 0.407 
13* 3 0 464 
20.3 0.404: 
Cont'd. on Following Page 
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a - 





F ( d  





M. Tranquilitat is ( 39" 10 ' , 1l0 34' ) 
-13.6 f 0.430 
- 2.6 0.662 
- 1.6 0.716 
- 1.5 f 0.695 
0.9 f 0.695: 
9.7 0.472 
11.5 0.414 





Palus Somni (45" 36 ' , 12" 41 ' ) 
20.9 0. 584(d) 
Table I (Cont'd. ) 
- a - F(a) 











Table I1 - Removal of Lommel-Seeliger dependence from b r igh tnesses  of 
13 l u n a r  f e a t u r e s  s tud ied  i n  GCO(16) during 1963-64. 
F = 10 x [1+ cos x sec  ( 3  + a> 1. -0.4 v 
- a - F b )  




- 3.6 0.595 
- 2.0 0.628 
38.0 0.279 
39*7 0.284 





- 4.5 0.486 





Near Hortensius (-29"2Z', O7"lT') 
-31.1 0.368 
-17.2 0 a 409 
- 3.2 0.717: 
- 2.2 0.664 
38.1 0 317 
39.7 0.327 
Copernicus ( -20' 08' 10' 11 ' ) 
-44.2 0.560: 
-29.9 0 678 
-16.3 0 837 
- 3.2 1 108 
- 2.2 i 149 
0 691 28-1 
38.1 0.634 
Mare Imbrium ( -17'37 ' , 46'13 ' 
-43.7 0.254 
-3om 5 0,306 
-16.6 0.402 
- 4.4 0.564: 
- 1.9 0.681 
Cont'd. on Following Page 
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Table I1 (Cont 'do ) 
- a: - F(a)  




Q c h o  (-llolTr, -43"18') 
-30.6 0.872 
-17.0 1.030 
- 4.3 1.230 
- 2.0 1.453 
- 1.8 1.468 
27.5 0 897 
39.1. 0.776 
39.9 0.762 




- 4.0 1.247 
- 2.2 1.335 
- 1.9 1.448 
28.2 0.708 













38.3 3 289 













M a e  S e r e n i t a t i s  { 21'36 ' , 25'30 ' ) 
-31.5 0.300 
-29.8 0 306 
-160 2 3.409 
fi. 593 - 3 Q ?  
Cont 'd.  on Following Page 
- a - F ( 4  
Mare Serenitatis (Cont'd) 
- 2.5 0.616 
- 1.8 0.661 
27.7 0.335 
38.4 0.297 
39* 7 0.294 




- 3.8 0.539 








- 4.3 0.495 




Table I1 (Cont'd) 
F(a)  -a - 
Mare Crisium (53'14', 17'23' ) 
-45.2 0.274 
-30.8 0.346 
-17.3 0 422 
- 4.7 0.587: 
- 1-8 0.722 
27.1 0 396 
27.5 0.501: 
!a> 3?* 6 none 
39.2 none(a1 
(a) Indicated area beyond terminator, 
data reported for incorrect area. 
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Adopting t h e  p o s i t i o n ,  then, t h a t  t h e  d a t a  of Figs. 3-i3 have been 
reduced t o  a homogeneous b a s i s ,  we no te  t h e  fol lowing f e a t u r e s  about 
F(a) and t h i s  procedure. 
(I) The tes t  t h a t  F(-a) = F(a) ( i . e a J  t h a t  m u l t i p l i c a t i o n  
of i n t e n s i t i e s  of l u n a r  f e a t u r e s  by L-'(i,e) = 1 +  cos^ 
removes dependence on angles  o f  incidence and emergence) is ,  of course, 
most s t r i n g e n t  f o r  f e a t u r e s  away from t h e  c e n t r a l  l u n a r  meridian. In 
Wood's Region (Fig.  3), f o r  example, t h e  p o i n t s  nea r  la1 = 30° compare 
angles  of incidence near  80" (negat ive phase) t o  incidence near 20'. 
t h e r e  w e r e  a systematic  r e s i d u a l  dependence on angle  of  incidence i n  
Figs.  3-13, t hen  t h e  features having negat ive long i tude  (Wood's region)  
might have t h e  i n t e n s i t i e s  from negative phase angles  s y s t e m a t i c a l l y  
lower t han  t h e  i n t e n s i t i e s  from p o s i t i v e  phases. But t h e  features of 
p o s i t i v e  longi tude (Mare T r a n q u i l l i t a t i s )  would have t o  e x h i b i t  t h e  
oppos i t e  systematic  tendency. No such systematic  s h i f t s  are found i n  
Figs.  3-13, which are ordered according t o  longi tude.  
( 2 )  The unce r t a in ty  i n  F(Q) f o r  each f e a t u r e  i n  t h e  i n t e r v a l  
1°C 1.1 4 40" i s  probably less than 5$. 
nes ses  of 5% p r e c i s i o n  can be determined f o r  t h e s e  f e a t u r e s .  
shape of  F(a) does not vary g r e a t l y  i n  Figs .  3-13 f o r  la12 10' and s i n c e  
w e  have shown t h a t  F(-a)  = F(a), we p o i n t  ou t  t h a t  t h e  determinat ion of  
re la t ive b r igh tnesses  is  g r e a t l y  f a c i l i t a t e d b y  t h e  removal of t h e  Lommel- 
S e e l i g e r  dependence from luna r  photometric data .  
s e c  i completely 
T f  
This means t h a t  relative brigkt- 
Since t h e  
( 3 )  It is c l e a r  from Figs. 3-13 t h a t  t h e  shape of Flu) ha rd ly  
varies f o r  t h e  11 l u n a r  f ea tu res .  In  each f i g u r e  a reference curve is  
drawn f o r  t h e  r e a d e r ' s  convenience. 
f o r  t h e  whole moon w i l l  be s tudied.  The r e fe rence  curve follows t h e  
gene ra l  t r e n d  of measurements f o r  
Tycho (Fig.  7). 
not  decrease as r a p i d l y  with increasing 
curve. Besides t h i s  photometric anomaly, Tycho is  an anomalously 
b r i g h t  r a d a r  s c a t t e r e r ,  has an anomalously long time constant  i n  tem- 
p e r a t u r e  changes, and e x h i b i t s  anomalously small d i f f e r e n c e  i n  t h e  back- 
s c a t t e r  of r a d a r  having l i n e a r  p o l a r i z a t i o n  in ,  or perpendicular  t o ,  t h e  
plane o f  incidence.  A l l  t he se  evidences po in t  t o  a thinner-,  less tenuous 
surface l a y e r  w i t h i n  Tycho. Exposed rocks are probably more numerous 
t h e r e  than  i n  general .  
It i s  taken from Fig.  14 where data 
laI>lO" f o r  a l l  t h e  f e a t u r e s  except 
The b r igh tness  of t h e  r a y  c r a t e r  Tycho d e f i n i t e l y  does 
1.1 as does t h e  reference 
(4) Near a = 0 t h e  shape of  t h e  functicin F(o) i s  so  very m- 
c e r t a i n  f o r  a l l  t h e  f e a t u r e s  t h a t  e x t r a p o l a t i o n  of t h e  measurements t o  
a = 0 is  doubtful.  Tn p a r t i c u l a r ,  it seems doubtfi l l  t h a t  any d i f f e rences  
In  t h e  shape of F(a) f o r  
da t a .  A t  most, t h e r e  might be a tendency near  a = 0 f o r  t h e  r ise  of F(u..\ 
above t h e  r e fe rence  curve t o  be  s l i g h t l y  less f o r  t h e  br ighzest ,  of t h e  11 
f e a t u r e s :  Tycho, Clavius,  and Copernicus i n  decreasing order  of b r igh tness .  
The reason t h a t  t h e  shape o f  F(a) near  a = 0 is  so important i s  t h a t  t h e  
shape i s  presumably governed by t h e  s t r u c t u r e  of t h e  su r face  l a y e r  covering 
t h e  f e a t u r e .  Only t h e  b r i g h t n e s s  a t  a = 0 can be expected t o  be f r e e  from 
t h e  effect  of shadows i n  t h e  surface layer. Therefore i n  l abora to ry  
'a1 < 10' can b e  a s s e r t e d  on t h e  b a s i s  of t hese  
-42- 
s imula t ion  of t h e  l u n a r  surface layer ,  only t h e  sample b r igh tness  a t  
9 = 0 can be unambiguously matched t o  t h e  lunar br igh tness .  
phase angle,  discrepancy between the sample s t r u c t u r e  and t h e  l u n a r  sur- 
face s t r u c t u r e  a f f e c t s  t h e  r e s u l t s  t o  some degree. 
A t  any otller 
3. The Brightness  o f  t h e  Whole Moon 
The b r i g h t n e s s  D f  t h e  whole moon T f a )  w a s  carefLzlly measured by  
If t h e  moon i s  assumed t o  have a sphe r i ca l ,  Rougier(18) i n  1928-32. 
homogeneous s u r f a c e p  then  t h e  Lommel-Seeliger c o n t r i b u t i o n  t o  T(a)  is  
given i n  Eq. (4) .  A f t , e r  removal o f  the Lommel-Seeliger con t r ibu t ion ,  
t h e  data of  Rougier f o r  Ial< 60" was p l o t t e d  i n  Fig.  14. Note t h a t  
Rougier had t o  a l low f o r  atmospheric abso rp t ion  by e x t r a p o l a t i o n  t o  
ze ro  atmosphere. We follow his no ta t ion  i n  i n d i c a t i n g  t h e  number of 
b r i g h t n e s s  determinat ions e n t e r i n g  t h a t  e x t r a p o l a t i o n  by  using, i n  
Fig. 14,, a c i r c l e d  p o i n t  f o r  4-5 determinations ( i n  h a l f  a n igh t ) ,  a 
c r o s s  f o r  2-3 determinations,  and a p o i n t  f o r  1 determinat ion (es t i -  
mated atmospheric absorpt ion) .  I n  h i s  Table XXX (see also van Diggeien, (~ 19 1 
Ch. 2 )  Rougier suggested a f i t t e d  curve f o r  T(a)  a t  5" i n t e r v a l s .  Eiis 
curve becomes t h e  s o l i d  curve i n  Fig, 14, except t h a t  w e  drew a l i n e a r  
curve nea r  a = 0. It i s  Rougier 's  curve f o r  p o s i t i v e  phase angles  t h a t  
i s  drawn i n  Figs .  3-13. 
Note t h a t  t h e  d a t a  of Rougier t e n d  t o  l i e  above his suggested curve 
a t  phase angles  lal<lOO. Therefore t h e  whole-moon d a t a  of Rougier a t  
small phase ang le s  confirm t h e  non-l inear  b r i g h t n e s s  inc rease  found a t  





















Fig. 14 Brightness of t h e  whole moon after RougZer. ( 3 )  me influenee 
of varying angles  of incidence and emergence k-as been removed 
by assuming t k i s  e f f e c t  i s  governed by Lommel-SeelLger e-.atteuing. 
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a t  small phase 
c h a r a c t e r i s t i c  
Since t h e  
curve i n  F igs .  
of 11 features 
angles  desc r ibed  i n  GCO f o r  11 features is undoubtedly 
of  t h e  whole moon. 
r ight-hand s o l i d  curve i n  Fig.  14  ( $ ( a ) )  is  t h e  r e fe rence  
3-13., t h e  e x c e l l e n t  agreement of F(a) with F ( a )  f o r  10 
s u r e l y  implies  t h a t  t h e  b r i g h t n e s s  of  t h e  moon's features 
i s  a c c u r a t e l y  approximated by t h e  product L(i:E)F(cx). 
The b r igh tness  of t h e  whole moon a t  zero phase angle  w a s  given by 
m Rougier as V = -12.83 . Upon cons ide ra t ion  of two o t h e r  such determina- 
t i o n s ,  Harris 
y i e l d e d  a b r igh tness  l a r g e r  by a f a c t o r  of 1.754, namely Vo = -13.35 ~ 
Analysis of Figs .  3-13 shows t h a t  a f a c t o r  as l a r g e  as 1.754 is  probably 
unwarranted as a c o r r e c t i o n  t o  the photometric curve given by Rougier. 
Considering t h a t  t h e  d a t a  f o r  Tycho, Clavius ,  and Copernicus must be a t  
least doubly weighted t o  c o r r e c t  f o r  t h e  small number of b r i g h t  areas 
t h a t  are sampled i n  GCO, t hen  t h e  curve given by  Rougier should b e  cor- 
r e c t e d  upward by a f a c t o r  n o t  g r e a t e r  t han  103 at  ze ro  phase angle ,  
0 
adopts Vo = -12.74m, The e x t r a p o l a t i o n  adopted i n  GCO (20 1 
m 
The reason t h a t  t h e  b r igh tness  of t h e  f u l l  moon i s  important here i s  
t h a t ,  u s ing  Vo = -l'2.?4m f o r  t h e  moon and V = -26.81m f o r  t h e  sun-  Harris 
gives  p(V) = 0.115 f o r  tQe  geometric albedo of t h e  moon (b r igh tness  rela- 
t i ve  t o  a p e r f e c t l y  white  Lambertian s c a t t e r e r  at  ze ro  phase angle,)b: 
Without doubt t h e  d a t a  i n  GCO imply t h a t  p(V) must be revised upward. 
B u t  i f  a l a r g e  r e v i s i o n  l i k e  1.75 w e r e  required,  t.hen t h e  i n t e r p r e t a t i o n  
of t h e  darkening e f f e c t s  r e s u l t i n g  from t h e  s o l a r  wind w i l l  be apprec i ab ly  
changed. In p a r t i c u l a r ,  t h e  i n f e r r e d  geometric albedo of 20.2% i s  compar- 
a b l e  t o  t h a t  of many powders t h a t  have no t  been darkened a t  all,, 
suggests  t h a t  p ( V ) z  15% is a reasonable value. 
O w  a n a l y s i s  
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C .  Photometrv of Some SamDles Darkened 
by Hydrogen Ion Bombardment 
1. T e s t  of Lommel-Seeliger S c a t t e r i n g  
The measurements of GCO include none t h a t  are r e l i a b l e  a t  phase angles  
l a r g e r  t h a n  60". But because of t h e  g e n e r a l l y  favorable  i n d i c a t i o n  i n  t h e  
previous s e c t i o n  t h a t  t h e  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  from lunar features 
i s  w e l l  represented by I ( i , € , a )  = L(i ,E)F(a) ,  it seems reasonable t o  as- 
sume approximate v a l i d i t y  o f  t h i s  r e l a t i o n  a t  l a r g e r  angles.  Then t h e  d a t a  
of Rougier on t h e  b r i g h t n e s s  of the whole moon T(a)  may be  transformed t o  
The curve Rougier f i t t e d  t o  h i s  data on T(a)  w a s  transformed i n  t h i s  way 
and i s  given i n  Fig.  15. The numerical values  are given i n  Table 111. 
The most s t r i k i n g  f e a t u r e  of  Fig. 15  is t h e  almost t r i a n g u l a r  ap- 
pearance of F(a) on t h i s  semi-log p l o t .  A s  w e  s h a l l  s e e ,  t h i s  s t eady  
exponent ia l  decrease i n  ?(a)  over 150" i n  phase angle  i s  i n  marked con- 
trast t o  the  r e s u l t s  w e  have so f a r  obtained f o r  s p u t t e r e d  samples of 
rock powders. 
Our photometry s e t u p  i s  exact ly  analogous t o  t h a t  f o r  t he  astrono-  
mical  photometry of  i nd iv idua l  lunar f e a t u r e s .  Therefore, t h e  Lommel- 
S e e l i g e r  dependence of  t h e  i n t e n s i t y  d i s t r i . b u t i o n  I(i,€,a) i s  t o  be re- 
moved by m u l t i p l i c a t i o n  by simply [l + c o s 6  s e e  i] . We have accumu- 
l a t e d  d a t a  a t  t h r e e  wavelengths and at t h r e e  angles  of emergence 6 f o r  
a l a r g e  number of  rock powder samples. In  t h e  case t o  be analyzed k e r e ,  
greenstone powders of  s e l e c t e d  p a r t i c l e  s i z e s  had been s i f t e d  i n  a i r  fo r  
-46- 
Table I11 - Removal of Lommel-Seeliger dependence from t h e  d a t a  of 
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Table I11 (Cont 'd. ) 
1 - s i n  a t a n  E I n  cot  
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Phase Angle a 
minimal su r face  compaction. These powder samples were measured photc- 
m e t r i c a l l y  (and p o l a r i m e t r i c a l l y )  be fo re  and a f te r  bombardment by hydrogen 
ions from an rf discharge plasma. 
la ted t h e  s p u t t e r i n g  e f f e c t s  t o  be expected after about lo4 o r  1.0 
unprotected exposure of t h e  l u n a r  su r face  t o  t h e  solar wind ( inc lud ing  
The ion  bombardment ( a t  -500 ell> simu- 
5 y r  of 
t h e  s i g n i f i c a n t  s p u t t e r i n g  by t h e  He++ ions t h a t  are e s t ima ted  t 3  be 154 
as abundant as H + i n  t h e  s o l a r  wind). The choice of greenstone as t h e  
material f o r  s tudy he re  w a s  convenient because t h e  p a r t i c l e s  a r e  opaque 
and t h e  i n i t i a l  albedo exceeds t h a t  of an average area on t h e  moon. 
i s  an adequate d e s c r i p t i o n  of  t h e  s c a t t e r i n g  of l i g h t  from these  tenuous 
powder s u r f a c e s  i s  t h a t  t h e  3 curves f o r  t h e  3 va lues  of C e n t e r i n g  
[l + cos E. s e c  i] x I ( i , C , a )  should coincide.  This should happen f o r  
each of t h e  t h r e e  wavelengths s tud ied  and, i n  fact ,  t h e  shape of r e s u l -  
t a n t  funct ions should be i d e n t i c a l  f o r  t h e  t h r e e  wavelengths as long 3s 
mul t ip l e  s c a t t e r i n g  and d i f f r a c t i o n  can be ignored. 
In  Figs.  16-18, t h e  photometry of  s i f t e d  0 - 2 0 ~  greenstone powder 
i s  p re sen ted  aft.er m u l t i p l i c a t i o n  by 1 + c o s g  see ‘1. The o r d i n a t e  is 
logari thmic,  as usual,  s o  a v e r t i c a l  displacement of  t h e  curves i.s no t  
s i g n i f i c a n t .  
Figure 16 shows t h a t  as E assumes 3 successive values  f o r  a given 
sample, d i f f e r e n t l y  shaped curves are obtained f o r  [1 + c o s 6  see i] x 
I(i,C,cx). This means t h a t  t h e  s c a t t e r i n g  of  l igh t  from t h e s e  samples 
i s  no t  adequately descr ibed by I ( i j C , a )  = L ( i , 6 ) F ( a j c  L = + COSG sec  i J - l o  
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Fig. 16 PhotometrFc filnctPon F(a] i n  red i i g k t  f o r  s i f t e d  0-20,u 
greenstone powder. a )  = 60°, b )  E =  3C03  c :  E. = 0’. 
Note how t h e  curves f o r  t h e  t l-ree values  of & assume 
inc reas ing ly  similar skapes as s p u t t e r i n g  darkens the  



































Phase Angle .,: 
Fig. 17 Change of photometric funct ion F (2 )  i n  green l i g k t  at €. = 0' as 
a> An = s p u t t e r i n g  reduces albedo of s i f t e d  0-20~ greenstone powder. 
d )  T ( a )  from lunar  data of Rou ier. 





































s p u t t e r i n g  reduces the  sample albedo from 0.305 ( o r i g i n a l )  t o  0.062 
5 ( a f t e r  t h e  equ iva len t  of about 10 y r ) .  
L e t  us no te  from Fig.  16 t h a t  q u i t e  s u b t l e  departures  from Lommel- 
S e e l i g e r  s c a t t e r i n g  can b e  de t ec t ed  by our  procedure. 
(curves  marked "b") t h e  d i r e c t i o n  o f  specu la r  r e f l e c t i o n  is a = +60" 
w h i l e  f o r  E =  60" (curves marked "e") it is a = +120°. 
t h e  s p u t t e r e d  samples, t h e  E =  30" curves have a r e l a t i v e l y  f l a t  r e -  
gion nea r  a = 60" as though s c a t t e r i n g  is  s l i g h t l y  enhanced i n  t h e  
d i r e c t i o n  o f  specu la r  s c a t t e r i n g .  Enhancement of t h e € =  60" curve 
nea r  a: = 120" is no t  d i s t i ngu i shab le  he re  b u t  is  obvious i n  sca t . t e r ing  
For  C. = 30" 
Note t h a t  f o r  
from samples containing l a r g e r  p a r t i c l e s .  The upward sweep of t h e  
e = 60" curve a t  a )60° i s  n o t  due t o  specu la r  s c a t t e r i n g  s i n c e  t h e  
upward t r e n d  a t  a760" is  a l s o  present  i n  t h e  C =  30" curve. 
2. The Presence of  Multiple S c a t t e r i n g  
I n  Fig. 1-7 we analyze j u s t  the t= 0" curves as a func t ion  of  sample 
albedo. We f i n d  t h a t  she unsput tered sample (curve "a':f has  a broad peak 
b u t  t h a t  t he  peak becomes more narrow as albedo i s  reduced. This change 
i n  peak shape suggests  t h a t  mult iple  s c a t t e r i n g  i n  t h e  sample su r face  i s  
by no means n e g l i g i b l e .  For if the photometric f u n c t i o n  depended only 
upon s i n g l e  s c a t t e r i n g  and shadowing e f f e c t s ,  a decrease i n  t h e  r e f l e c -  
t i v i t y  of  each p a r t i c l e  i n  t h e  v i s i b l e  su r face  by  a f i x e d  f r a c t i o n  would 
simply reduce t h e  s c a t t e r e d  energy by t h a t  f r a c t i o n .  The shape of t h e  
photometric func t ion  would no t  be changed, Mult iple  s c a t t e r i n g  would 
broaden t h e  peak b u t  would become r e l a t i v e l y  less important as t h e  albedo 
i s  decreased. 
- 54- 
Unfortunately,  another  e f f e c t  p e c u l i a r  t o  our method of  sample dark- 
en ing  can equa l ly  w e l l  account f o r  t h e  phenomenon evidenced i n  Fig. 17. 
Mul t ip l e  s c a t t e r i n g  would be  t h e  only p o s s i b l e  cause of t h e  change i n  
peak shape i f  and only i f  t h e  r e f l e c t i v i t y  of each p a r t i c l e  were changed 
by a fixed f r a c t i o n .  We know, however, t h a t  darkening i s  g r e a t e s t  f o r  
tine uppermost p a r t i c l e s  and decreases t o  no darkening a t  t h e  g r e a t e s t  
depth v i s i b l e  i n  t h e  sample. Because of shadows, it i s  improbable t h a t  
t h a t  g r e a t e s t  depth w i l l  be i l luminated a t  l a r g e  phase angles ,  But as 
t h e  phase angle  decreases  toward zero, t h e  g r e a t e s t  depth c o n t r i b u t i n g  
t o  t h e  observed l i g h t  w i l l  increase,  on t h e  average. Because t h e  more 
deeply l o c a t e d  p a r t i c l e s  are b r i g h t e r ,  t h e  sample e f f e c t i v e l y  has  an 
albedo dependent on phase angle such t h a t  t h e  sample looks  b r i g h t e r  a t  
small phase angles.  
Furthermore, t h i s  anomalous change i n  peak shape would occur a t  any 
angle  of incidence f o r  a tenuous surface l a y e r  because,  as i s  argued i n  
t h e  next  s ec t ion ,  t h e  e f f e c t  of shadows a t  small phase angles  depends 
only upon t h e  phase angle.  I n  Fig. 16 it can be seen that  t h e  narrowing 
of t h e  photometric peak a t  small phase angles  occurs a t  a l l  t h r e e  values  
of €. 
I n  Fig.  17 comparison i,s made t o  the  l u n a r  data on F ( a )  by  showing 
Roug ie r ' s  curve from Fig.  150 The n e a r l y  l i n e a r  l u n a r  curve is  i n  marked 
c o n t r a s t  t o  t h e  sample da t a .  Therefore, a "best" f i t  is  ha rd  t o  j u s t i f y ,  
I n  terms of t h e  s lope  of t h e  curves a t  a = 20' [where instrumental  e f f e c t s  
due t o  f i n i t e  source and d e t e c t o r  angles  should be  n e g l i g i b l e ) ,  t k e  dark- 
ened samples e x h i b i t  b e t t e r  agreement with t h e  l u n a r  d a t a  than  the  unsputtered 
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I 
sample. Obviously t h e  sample da t a  near glancing incidence is no t  t o  be  
r e l i e d  on because t h e  curves are not symmetric about a = 0. The asym- 
metry r e s u l t s ,  of courseJ from the  f a c t  t h a t  t h e  sample su r face  i s  ne i -  
t h e r  level  nor smooth. The d i s t u r b i n g  t r e n d  f o r  t h e  sample F(a;) t o  
curve upward i n  Fig.  1-7 is  e s p e c i a l l y  obvious i n  Fig.  16 when t , h e C =  30" 
and 60" d a t a  i s  taken i n t o  account. 
t h e  lunar d a t a  w i l l  be t r e a t e d  below. 
This very g r e a t  discrepancy with 
3. The Absence of E f f e c t s  Due t o  D i f f r a c t i o n  
and Di f f e r ing  Darkness with Depth 
In Fig.  18 t h e  photometric data  f o r e =  0" is  analyzed t o  determine 
t h e  e f f e c t  of  varying t h e  wavelength of t h e  s c a t t e r e d  l i g h t .  Whether 
t h e  sample is s p u t t e r e d  or not, the shape of t h e  photometric peak de- 
pends markedly on c o l o r  of t h e  l i g h t ,  
shape for t h e  unsput tered sample can be  discounted as due t o  viewing a 
P a r t  of t h e  v a r i a t i o n  i n  peak 
s l i g h t l y  d i f f e r e n t  a r e a  on t h e  sample. The sample i s  moved i n  t h e  
course of t he  usua l  procedure i n  order  t o  measure t h e  sample b r igh tness  
re la t ive t o  a MgO reference.  While care is  taken t o  r e s t o r e  t h e  sample 
p o s i t i o n  and o r i e n t a t i o n ,  discrepancies  i n  t h e  viewed area e v i d e n t l y  
occur. Nevertheless,, t h e  tendency i n  Fig. 18 is t h a t  which w e  f i n d  i n  
general :  t h e  peak i n  F ( a )  i s  narrowest i n  u l t r a v i o l e t  l i g h t  and broader 
with inc reas ing  wavelength. 
Before f u r t h e r  comment on Fig. 18, n o t i c e  from Fig.  1.9 t h a t  t he  
sample albedo inc reases  steadily from u l t r a v i o l e t  toward t h e  red, 
Therefore a wavelength change is equivalent  t o  an albedo change un le s s  
d i f f r a c t i o n  e f f e c t s  are important.  D i f f r a c t i o n  becomes more important 
-56- 
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Fig. 19 Albedos of s i f t e d  0-20,u greenstone powder at 2.5" phase angle. 
a )  Unsputtered, b) lo4 eq yr, c )  10 5 eq yr? @) 
moon a t  zero  phase angle as given by Harris. ik0y ean 'bedo of 
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as a.1 
d i s t r i b u t i o n  of p a r t i c l e  s i z e s  i n  ou r  0 - 2 0 p  sample s u r e l y  includes 
p a r t i c l e s  whose r a d i u s  is  comparable t o  t h e  wavelength of t h e  s c a t t e r e d  
l i g h t ,  d i f f r a c t i o n  might be  important. 
decreases,  where a is the r a d i u s  of a p a r t i c l e .  Since t h e  
It is easy  t o  show t h a t  d i f f r a c t i o n  i s  n o t  no t i ceab ly  a f f e c t i n g  t.he 
shape of  t h e  peak i n  t h e  photometric func t ion  f o r  our  sample of  0-2Op - L 
p a r t i c l e s .  I n  Fig.  20, p a r t i c l e s  of s i z e s  between 20 and 4 4 ~  are 
s t u d i e d  analogously t o  Fig.  18. 
are very similar. That i s ,  t h e  shape of t h e  peak i n  t h e  photometric 
func t ion  c l e a r l y  depends upon t h e  wavelength of t h e  s c a t t e r e d  l i g h t  
used t o  determine it, whether t h e  p a r t i c l e  d i s t r i b u t i o n  i s  0 - 2 0 ~  o r  
It i s  obvious t h a t  t h e  two f i g u r e s  
20-44,~. 
The albedos of t h e  sample of 20 -44 ,~  p a r t i c l e s  are given i n  Fig. 21. 
I n  general ,  t h e  behavior of t h e  albedos is very similar t o  t h a t  of t.he 
0-20) p a r t i c l e s  as given i n  Fig.  1.9. One can n o t i c e  t h a t  t h e  20-44,u 
sample w a s  i n i t i a l l y  darker  but t h a t  a f t e r  10 3 eq y r  it had not darkened 
as much as t h e  0-20 saEple. 
The overlapping of  albedos i n  Fig.  21 suggests  t h a t  w e  compare t h e  
photometric func t ions  of t h e  20-44p sample a t  similar albedos, namely, 
(1) unsput tered sample i n  u l t r a v i o l e t  l i g h t  and 10 eq y r  sample i n  r ed  
l i g h t ,  ( 2 )  10 
green l i g h t .  This comparison is made i n  Fig,  22. In  case (1) t h e  agree- 
ment i s  n o t  very good:. t h e  peak i s  broader  a f t e r  s p u t t e r i n g ,  But i n  case 
( 2 )  t h e  agreement i s  s t a r t i n g l y  good. 
at  la1 > 30' are p r i n c i p a l l y  due t o  viewing s l i g h t l y  d i f f e r e n t  a r eas ;  as 
ll 
4 
eq y r  sample i n  u l t r a v i o l e t  l i g h t  and lo5 eq y r  sample i n  
The small d i sc repanc ie s  t h a t  appear  
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(p-1, 
Fig. 21 Albedos of  s i f t e d  20-444 greenstone powder at 2.5" pkase angle. 
a)  Unsputtered, b )  lo4 eq yr ,  e )  lo5 eq y r ,  d-! Mean albedo >f 
moon a t  zero  phase angle as given by E a r r i i ,  c ~ O !  
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P'rase Angle ,A 
Fig. 2'2 Pkatometric func t ions  F; ;; a f C =  C3 f o r  s i f t e d  23-ic~,uggreenst.3ne p-wder 
compa ed  at  equal  b r i @ t n e s s e s  a+, Q = +2,5 ' .  
green A, = 0.963. 
a )  Unspu+*.ered, UY & = C,12c\, 
b )  10 6 eq yr, red A, = c1.115, e >  10 -4 eq yr, UV A, = 0,362, d.\ lr5 eq yr, 
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t h e  asymmetries show, Notice t h a t  t h e  asymmetries are reversed s o  t h a t  
agreement i n  t h e  shape of t h e  peaks is even b e t t e r  than ind ica t ed  i n  
Fig.  22. 
L e t  us  consider  whether differences i n  darkening with depth could 
in f luence  t h e  peak i n  t h e  photometric func t ion  as a func t ion  of wave- 
l eng th ,  namely, whether c o l o r  d i f f e rences  inf luence t h e  peak shape. To 
make t h e  matter obvious, suppose the o r i g i n a l  sample were b l u i s h  'cut 
t h a t  s p u t t e r i n g  gave the  uppermost ( d a r k )  p a r t i c l e s  a reddish hue. 
r e d  l i g h t  t h e  upper p a r t i c l e s  s c a t t e r  i n t c  t h e  d e t e c t o r  a t  a l l  phase 
angles  b u t  t h e  i n t e r i o r ,  which i s  viewed a t  small phase angles .  11' r e l a -  
t i v e l y  dark; t h e r e f o r e  t h e  peak i n  r e d  l i g h t  would be  broad. E u t  i n  b l u e  
l i g h t  t h e  upper p a r t i c l e s  are e s p e c i a l l y  dark while t h e  i n t e r i o r  i s  rela- 
t i v e l y  b r i g h t ,  s o  t h e  peak i n  b lue  l i g h t  would be narrow. 
I n  
In f a c t ,  s p u t t e r i n g  does make greenstone powder s l i g h t l y  redder.  as 
t h e  s teepening s lopes  i n  Figs .  19 and 2 1  reveal. The change i n  t h e  s lopes  
( c o l o r s )  i n  F i g s ,  19 and 21 are very small relat , ive t o  t h e  i n i t i a l  s lopes  
however. Color  changes with depth are ,  a t  b e s t ,  a second o rde r  e f f e c t ,  
It i s  t r u e  t h a t  i n  case (1) i n  F i g .  2Z3 s p u t t e r i n g  seemed t a  make the pesk 
broader  i n  j u s t  t h e  manner ou t l ined  above. But s i n c e  t h e  changes i n  shape 
o f  t h e  photometric peak also occur f o r  t h e  unsput tered sample i n  F igs ,  18 
and 20, t h e  change i n  peak shape of case (1) i n  Fig. 22 must be discounted 
as due t o  some o t h e r  cause. It could be, f o r  example, t h e  r e s u l t  of a n  
inc rease  i n  t h e  su r face  compaction due t o  j a r r i n g  t h e  sample, An i nc rease  
i n  compaction would be expected t o  broaden t h e  photometric peak. 
c lude  t h a t  apparent changes i n  t h e  shape of t he  photometric peak as a 
We con- 
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f u n c t i o n  of l i g h t  wavelength are due t o  d i f f e r e n c e s  i n  p a r t i c l e  re- 
f l e c t i v i t i e s  but n o t  s i g n i f i c a n t l y  due t o  d i f f r a c t i o n  o r  t o  varying 
c o l o r a t i o n  of  t h e  p a r t i c l e s  with depth i n  t h e  sample. 
4. Consequences of Strong E l e c t r i c  F i e l d s  
During Bombardment of Powders 
Addit ional  information could be  obtained on systematic  consequences 
of d i f f e r e n t  darkening with depth i n  our samples by measuring t h e  sample 
b r i g h t n e s s  and c o l o r  a t  small (p re fe rab ly  z e r o j  phase angle  as a func- 
t i o n  of  emergence angle. As t h e  angle of emergence i n c r e a s e s ,  it i s  t o  
be expected t h a t  self-shadowing w i l l  confine d e t e c t e d  l i g h t  t o  t h a t  
coming from t h e  uppermost p a r t i c l e s .  
were uniformly darkened on i t s  whole surface,  t hen  w e  would expect t h e  
s u r f a c e  t o  look darker  a t  l a r g e  emergence angles.  
p a r t i c l e  were uniformly reddened, then we would expect t h e  su r face  t o  
look more reddish a t  l a r g e  emergence angles.  The f i rs t  e f f e c t  would be 
equ iva len t  t o  "limb darkening" while t h e  second would be "limb reddening". 
Experimentally w e  f i n d  ltmb br ightening i n s t e a d  because of a e3mpeting 
effect .  
If each p a r t i c l e  a t  a given depth 
Secondly, i f  each 
I n  t h e  photometric procedure used f o r  t hese  greenstone powder sam- 
p l e s ,  some d a t a  were obtained on t h e  b r igh tnesses  at, say, Q = 2.5" a t  
d i f f e r e n t  values of  t he  emergence a n g l e C .  
a t  a = 2.5" relative t o  t h e  MgO standard and could have then  qu ick ly  
s h i f t e d  t h e  d e t e c t o r  and l i g h t  source t o e =  30' o r  60". Thus t h e  limb 
darkening f o r  a given c o l o r  would have been obtained. From t h e  limb 
darkening a t  d i f f e r e n t  wavelengths, t h e  c o l o r s  a t  each value of E could 
W e  determined t h e  b r igh tness  
-63- 
have been obtained by intercomparison t o  t h e  c o l o r  a t  f2= 0" .  
f a c t ,  t h e  d e t e c t o r  ga in  w a s  not  changed upon changing E nor w a s  t h e  
l i g h t  source i n t e n s i t y  modified, but no s p e c i a l  precaut ions were taken 
t o  avoid small d r i f t s  i n  making the i n t e n s i t y  measurements a t  = 30° 
and 60". Therefore, our d a t a  permit on ly  semiquan t i t a t ive  s ta tements  
about l i m b  darkening. The data a re  n o t  s u f f i c i e n t l y  reliable t o  permit 
a n a l y s i s  of c o l o r  changes as a funct ion of  E. . 
I n  
Both t h e  0-20 and 20-44 p samples e x h i b i t  about 5% (10%) limb 
darkening a t  'Z = 30" (60") i n  a l l  colors befo re  s p u t t e r i n g .  Such limb 
darkening is  t o  be expected s i n c e  t h e  samples were not  Lommel-SeeLiger 
s c a t t e r e r s  ( i n  t h e  sense t h a t  I = L x F)  on t h e  b a s i s  of t h e  t es t  posed 
i n  Fig.  16.  
darkening than would have occurred f o r  a d i f f u s e  (Lambertian) s c a t t e r e r  
f o r  which t h e  b r i g h t n e s s  i s  p ropor t iona l  t o  cos i. A f t e r  s p u t t e r i n g  
f o r  10 
1-2$ and af ter  10 
But t h e  unsput tered samples e x h i b i t  appreciably less limb 
4 eq y r ,  t h e  limb darkening for t h e  0-20~ sample became less than  
5 
eq y r ,  it became a limb b r igh ten ing  by l 5 - Z O $  a t  
E = 60". The limb darkening of  t h e  20-44fi  sample w a s  h a r d l y  changed 
by spu t t e r ing :  an inc rease  of limb darkening t o  15% a t  6 = 60" a f t e r  
10 eq y r  may be real .  5 
We believe t h e  limb brightening i n  t h e  0 - 2 0 ~  sample i s  t h e  con- 
sequence of  t h e  growth of  ver t ica l  spires and needles on t h e  su r face  of 
t h e  sample and t h a t  t h e  expected limb darkening from d i f f e r e n t  darkening 
with depth is a much sma l l e r  e f f e c t .  We have i n  var ious ways de t ec t ed  
l a r g e  f o r c e s  on p a r t i c l e s  i n  a plasma sheath.  L i f t i n g  f o r c e s  on t h e  pow- 
der  p a r t i c l e s  of our samples are by no means s u r p r i s i n g .  J u s t  as t h e  
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plates of a charged condenser are a t t r a c t e d  t o  each o t h e r ,  s o  t h e  par-  
t i c l e s  are l i f t e d  by e l e c t r i c  f ie lds  a t  t h e  plasma boundary. The s i t u a -  
t i o n  i s  made s l i g h t l y  more complicated when s p u t t e r i n g  i s  accomplished 
with a l t e r n a t i n g  fields of r a d i o  frequency i n  t h a t  t h e  p a r t i c l e s  cannot 
move far i n  a s i n g l e  cycle.  That very f a c t ,  however, permits under- 
s t and ing  why it i s  e s p e c i a l l y  needles of conducting material t h a t  t e n d  
t o  become a l igned  along t h e  average f i e l d .  Suppose t h a t  a wire s h o r t e r  
t h a n  t h e  condenser p l a t e  spacing is f a s t e n e d  a t  one end t o  one of two 
condenser p l a t e s ,  t h a t  t h e  w i r e  i s  otherwise free t o  move. and t h a t  i t  
i s  s u b j e c t  t o  no ou t s ide  fo rces  ( g r a v i t y ,  e t c . ) .  When t h e  condenser is 
charged, t h e  free end of t h e  w i r e  w i l l  immediately begin t o  move t o  
a l i g n  t h e  w i r e  with t h e  e l e c t r i c  f i e l d .  Ignoring inductance e f f e c t s  
(a  t r a n s i e n t  magnetic f i e l d ) ,  t h e  f r e e  end of t h e  w i r e  remains at- t h e  
same p o t e n t i a l  as t h e  p l a t e  t o  which t h e  w i r e  i s  fastened.  A l a r g e  e l e c -  
t r i c  f i e l d  occurs a t  t h e  f r e e  end of t he  w i r e .  A l a r g e  su r face  charge 
occurs on t h e  f r e e  end t o  sat isfy t h e  boundary condi t ions on t h e  w i r e .  
Therefore t h e  p o s i t i o n  o f  lowest p o t e n t i a l  energy f c r  She wire is  a l igned  
along t h e  e l e c t r i c  f i e l d .  I n  t h e  7rcondenser11 that t h e  plasma sheath con- 
s t i t u t e s ,  t h e  sample su r face  is nega t ive ly  charged by t h e  impressed rf 
f i e l d  f o r  almost a l l  of a cycle .  
1/60 of a cyc le  i s  t h e  s u r f a c e  charged s l i g h t l y  p o s i t i v e  with r e s p e c t  t o  
t h e  hydrogen plasma s o  as t o  draw e l e c t r o n s  t o  t h e  surface.  Due t o  t h i s  
g r e a t e r  mob i l i t y  of t h e  e l e c t r o n s  i n  t h e  plasma shea th ,  t h e  average volt- 
age of t h e  su r face  i s  e s s e n t i a l l y  h a l f  t h e  peak plasma-to-surface vol tage.  
Only for about (me /mi IZ  = (1/2 x 1840~'~ 
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The e f f e c t  of  s u b s t i t u t i n g  a p a r t i c l e  o f  small conduc t iv i ty  f o r  t h e  
w i r e  of  t h e  previous example is t h a t  vol tage develops along t h e  p a r t i c l e  
as t h e  charges flow along it t o  t h e  t i p ? .  Forces would be smaller as a 
consequence. What we  f i n d  experimental ly  i s  t h a t  t h e  tendency t o  grow 
a l i g n e d  s p i r e s  and needles  i s  far g r e a t e r  for  conducting powders (e.g., 
CuO reduced t o  Cu by hydrogen s p u t t e r i n g ) .  
The e f f e c t  of p a r t i c l e  s ize  i n  t h e  case of rf s p u t t e r i n g  is  t h a t  
t h e  smallest p a r t i c l e s  t end  t o  be al igned.  This is  because t h e  p a r t i -  
c l e s  i n t e r c e p t  a c u r r e n t  p ropor t iona l  t o  an area during t k e  p a r t  of t h e  
c y c l e  i n  which e l e c t r o n s  are co l l ec t ed .  But t h e  p a r t i c l e  weight i s  pro- 
p o r t i o n a l  t o  a volume. Therefore t h e  r a t i o  of  e l e c t r i c  t o  g r a v i t a t i o n a l  
f o r c e  i s  i n v e r s e l y  p ropor t iona l  t o  a p a r t i c l e  dimension and l a r g e r  f o r  
t h e  smaller p a r t i c l e s .  
0 -2Oy  sample t h a t  e x h i b i t s  t h e  anomalous behavior  with r e spec t  t o  limb 
darkening. That sample has a copious supply of p a r t i c l e s  t h a t  can be- 
come a l igned  i n  t h e  plasma sheath.  W e  have no t i ced  t h a t  samples of  
materials t h a t  t end  t o  grow me ta l l i c  v e r t i c a l  s p i r e s  e x h i b i t  extremely 
pronounced limb br ightening.  Apparently t h e  i n v i s i b l e  p a r t i c l e s  being 
a l i g n e d  on t h e  0 - 2 0 ~  greenstone powder sample are similarly b r i g h t  when 
viewed from t h e  s i d e  along t h e  d i r e c t i o n  of i l luminat ion.  
Therefore it i s  no t  s u r p r i s i n g  t h a t  it is  t h e  
The polar imetry of t h e s e  samples  has been r epor t ed  ear l ier ,  !21) 
A t  small phase angles  a t  b o t h 6  = Oo and '2 = 60" t h e  p o l a r i z a t i o n  ex- 
h i b i t e d  s h i f t s  t h a t  w e  a t  t h a t  time a t t r i b u t e d  t o  the  a l igned  ion boa- 
bardment. 
f o r  t he  0-20p sample. It w a s  a l s o  t h e  0-ZOp sample t h a t  e x h i b i t e d  t h e  
The s h i f t s  are small f o r  t h e  20-44p sample, b u t  are l a r g e  
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anomalous lid brightening.  We spoke of s c a t t e r i n g  inf luenced by "ver- 
t i c a l  shadows i n  t h e  s c a t t e r e r " .  It now appears t h a t  t h e  p o l a r i z a t i o n  
w a s  a f f e c t e d  by a l igned  p a r t i c l e s  i n  t h e  v e r t i c a l  d i r e c t i o n .  I n  f u t u r e  
s t u d i e s  of darkening with t h e  i o n  beam apparatus,  e l e c t r i c  f ie lds  a t  
t h e  sample su r face  w i l l  be o rde r s  of magnitude smaller than  i n  t h e  plasma 
sheath.  
5. The Problem o f  F(a) a t  Phase 
Angles Greater Than 90" 
Our observat ion of an increasing F(a) a t  l a r g e  phase angles  i s  still 
problematic i n  view of t h e  s t e a d i l y  decreasing ?(a)  i n f e r r e d  f o r  t h e  moon. 
I n  Fig.  23 some d a t a  are presented f o r  t he  0 - 2 0 ~  sample t h a t  argue a g a i n s t  
d i f f r a c t i o n  having any in f luence  on our observat ions.  As  i n  Fig. 22, a 
comparison is  made between t h e  funct.ions F(a) a t  d i f f e r e n t  wavelengt.hs f o r  
which t h e  sample b r i g h h e s s e s  a r e  n e a r l y  equal  a t  a: = 2.5'. F i r s t  of  
a l l ,  t h e E =  0" curve i n  u l t r a v i o l e t  (or red) l i g h t  agrees  ve ry  w e l l  w i t t  
t h e  E.= 60" curve a t  t h i s  albedo l eve l .  This means t h a t  t.he sample i s  a 
v e r y  good Lommel-Seeliger scat terer . ,  Second. t h e  E =  0' curves agree very 
w e l l  i n  u l t r a v i o l e t  and r e d  l i g h t  when t h e  albedos i n  u l t r a v i o l e t  and red 
l i g h t  are n e a r l y  t h e  same. Therefore d i f f r a c t i o n  i s  n o t  important i n  tl;e 
€ =  0" curves. Third, t h e 6 =  60" curves are very similar i n  u l t r a v i o l e t  
and r e d  s o  d i f f r a c t i o n  i s  aga in  unimportant i n  the  € =  60" curves as w e l l .  
S ince F ( a )  should be given by  t h e  product S ( a )  x B(a) ,  where S ( a )  is  t h e  
s c a t t e r i n g  func t ion  f o r  an average p a r t i c l e  and B ( 2 )  is  a shadowing func- 
t i o n  t h a t  should be q u i t e  constant  a t  l a r g e  phase angles,  i t  follows t h a t  
F ( a )  might i nc rease  a t  l a r g e  phase angles ,  This i s  because d i f f r s c t i o r  
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a t  2 wavelengths f o r  which albedos a r e  similar. a ) €  = 0' i n  LT l i g h t ,  i0 4 eq yr, 
Fig. 23  Photometric func t ion  F(a) f o r  s i f t e d  0 - 2 0 ~  greenstone powder. C3mparison 
4 b )  G = 60" i n  W l i g h t ,  10 
d )  E = 60" i n  r e d  l i g h t ,  lo5  eq yr, 
eq. yr, e )  E = 0" i n  red  l i g h t ,  LO5 eq yr, 






s c a t t e r i n g  e n t e r i n g  S ( a )  is  predominantly forward s o  t h a t  S ( a )  could 
inc rease  near  a = 180". 
wavelength of t h e  s c a t t e r e d  l i g h t ,  c o n t r a r y  t o  Fig. 23. 
But d i f f r a c t i o n  would depend s t r o n g l y  on t h e  
It i s  easy t o  see t h a t  a decreasing darkening of p a r t i c l e s  with 
depth i n  t h e  sample s u r f a c e  would t end  t o  decrease F(a) a t  l a r g e  phase 
ang le  r a t h e r  t han  inc rease  it. A t  l a r g e  ang le s  of incidence and emer- 
gence, only t h e  uppermost and darkest p a r t i c l e s  6hOUld con t r ibu te  t o  
t h e  s c a t t e r i n g .  
Therefore w e  conclude t h a t  our i nc reas ing  F ( a )  a t  l a r g e  phase 
angles  probably arises from some undetected systematic  e r r o r  s i n c e  
t h e r e  does no t  seem t o  be any phys ica l  reason f o r  t h e  increase.  A 
s u i t a b l e  example might be s c a t t e r e d  l i g h t  from t h e  sample dish which 
is, af ter  a l l ,  much l i g h t e r  i n  shade than  t h e  low-albedo powder. 
Addit ional  precaut ions a g a i n s t  stray l i g h t  w i l l  be i n v e s t i g a t e d  i n  t h e  
f u t u r e  . 
6. Conclusions From Laboratory Photometry 
We conclude t h a t  low d e n s i t y  su r faces  of opaque p a r t i c l e s  are good 
Lommel-Seeliger s c a t t e r e r s  when the p a r t i c l e  r e f l e c t i v i t i e s  are s u f f i -  
c i e n t l y  small t o  make mul t ip l e  s c a t t e r i n g  of  l i g h t  unimportant. Re- 
moval o f  t h e  Lommel-Seeliger dependence of t h e  s c a t t e r i n g  allows de- 
t a i l e d  s tudy  of  t h e  remaining func t ion  of  phase angle,  F(a) .  
t i o n  is  peaked a t  small phase angles with a shape governed by su r face  
s t r u c t u r e  and mul t ip l e  s c a t t e r i n g ,  b u t  n o t  a f f e c t e d  by d i f f r a c t i o n  o r  
( i n  7ur c a s e )  varying darkening of t h e  p a r t i c l e s  with depth i n  tkAe sample. 
This func- 
-69- 
The shape of  t h e  photometric curve w a s  i n  fa i r  agreement with t h e  l u n a r  
photometric func t ion  providing (1) t h e  s u r f a c e  w a s  s i f t e d  i n  a i r  f o r  
minimal compaction and ( 2 )  t he  surface had a n  albedo approximating t h a t  
of t h e  moon. 
microscopic s p i r e s  and needles on our samples due t o  fo rces  a r i s i n g  i n  
t h e  plasma sheath above our samples. 
We f i n d  some evidence suggest ing t h e  growth of a l igned  
D. Theory and Discussion 
The numerous e f f o r t s  up t o  1960 t o  give a photometric ?ormula f o r  
A l l  those e f f o r t s  were q u i t e  ( 2 2 )  t h e  moon are reviewed by Minnaert. 
unsuccessful,  e i t h e r  having no t h e o r e t i c a l  b a s i s  o r  g iv ing  poor agree- 
ment with observation. To make t h e o r e t i c a l  matters worse, i n  1964 
Gehrels, Coffeen, and Owings published t h e  paper (GCO) whose photo- 
metr ic  d a t a  w e  re-analyzed i n  Sect ion B. They e s t a b l i s h e d  a d e t a i l  
i n  t h e  change of l u n a r  b r igh tness  with phase t h a t  w a s  previously unknown. 
On a p l o t  of t h e  b r i g h t n e s s  of the whole moon,,a logari thmic s c a l e  ( b r i g h t -  
ness  i n  s t e l l a r  magnitudes, f o r  example), t h e  gene ra l ly  l i n e a r  course of 
t h e  d a t a  f o r  iaf 2 loo may no t  be l i n e a r l y  e x t r a p o l a t e d  t o  Q = 0. 
s tead,  t h e  b r i g h t n e s s  su rges  upward a t  smaller phase angles t o  what 
seems t o  be, from F igs .  3-13, another  l i n e a r  s e c t i o n  of h ighe r  slope.  
This f e a t u r e  a t  small phase angles, as w e  s a w  i n  Fig. 14, is no t  un- 
confirmed i n  e a r l i e r  data b u t  it was no t  known t o  be real. 
on 
In- 
I n  1963, B. Hapke publ ished h i s  important suggest ion t h a t  t h e  l u n a r  
photometric func t ion  is  f ac to rab le :  I ( i ? G , c x )  = L( i,e)F(a). H i s  s t a r t i n g  
point, w a s  t h e  d e r i v a t i o n  of  t h e  Lommel-Seeliger s c a t t e r i n g  formula. Be 
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d i d  n a t  +,ry TO J u s t i f y  why Lmmel-Seeliger s c a t t e r i n g  should be r e l e -  
v a n t ,  nrjr d i d  h e  e f f e c t i v e l y  t e s t  t h a t  the spp ropr i a t e  funczion L' i , & )  
-1 
X V J ~ S  indeed t h e  Lommel-Seeliger funct ion,  [I f cos C s e c  i ] . We 
have i n  the  previous s e c t i o n s  demonstrated t h a t  Lomrnel-Seeliger s c a t -  
t e r i n g  is, i n  f a c t ,  r e l e v a n t  f o r  s c a t t e r i n g  from s u r f a c e s  made up of 
opaque: l o w - r e f l e c t i v i t i y  p a r t i c l e s  and r e l e v a n t  t o  t h e  moon. As Fspke 
a i e c  a s s e r t e d ,  w e  found t h a t  t h e  su r face  must no t  be  packed i n  t h e  way 
a g r a v e l  p i l e  packs i t s e l f  o r  departures  from Lommel-Seeliger s c a t t e r i n g  
become obvious as enhancements i n  t h e  s c a t t e r i n g  i n  t h e  d i r e c t i o n  of  
specu la r  r e f l e c t i c n .  No such enhsncements have been de tec t ed  f o r  t h e  
moon, though the  previous methods of a n a l y s i s  may n o t  have been s u f f i -  
c i e n t l y  p r e c i s e .  The b e s t  candidate f o r  showing a specu la r  component 
i n  GCO is  Copernicus (Fig.  5 )  because i t s  longi tude i s  less than 30" 
and i ts  l a t i t u d e  i s  small. Our ana lys i s  i n d i c a t e s  no specu la r  corn- 
pcnent, f o r  Copernicuc. 
We here try m i n d i c a t e  xby iornmel-Seeliger s c a t t e r i n g  should be  
r e l e v a n t  t o  l i g h t  s c a t t e r i n g  from underdense powders of opaque p a r t i c l e s  
and why mult iple  s c a t t e r i n g  i n  such  powders causes depa r tu re s  from 
5ommel-Seeliger s c a t t e r i n g .  The Lommel-Seeliger func t ion  arises when 
l i g h t  i s  s c a t t e r e d  w i t h i n  t h e  bulk of  a medium t h a t  absorbs l i g h t  ex- 
p o n e n t i a l l y  and i s o t r o p i c a l l y .  The energy reaching a d e t e c t o r  of a r e a  




where Io is  t h e  i n c i d e n t  i n t e n s i t y ,  T is  t h e  abso rp t ion  l eng th ,  b i s  
t h e  p a r t i c l e  r e f l e c t i v i t y ,  and r is  t h e  d i s t a n c e  from d e t e c t o r  t o  s c a t -  
t e r i n g  volume. 
tended a t  t h e  de t ec to r ,  and introducing t h e  d i s t a n c e  R from d e t e c t o r  t o  
t h e  p o i n t  a t  which the  s c a t t e r e d  light, emerges from t h e  surface,  w e  ob ta in  
2 
Replacing dV/r by UJ dr ,  where UJ i s  t h e  so l id  angle  sub- 
dE = In Y u-, abS(a) x nd x d r  exp [-p{r-R>/yJ !a 
where g = cos E. (see i i- s e e  & )  = 1 + c o s 6  s e e  i = I, -l( i ,G 1 e 
i n t e g r a t i o n  from R t o m ,  t h e  n e t  de t ec t ed  energy is  
TJpon 
If, now, t h e  abso rp t ion  i s  i d e n t i f i e d  as b e i n g  t o  The s c a t -  
t e r i n g  t a k i n g  p l a c e ,  one se t s  n g T z  I. 
cause it  b r ings  (5) i n t o  t h e  form 
T h i s  f i n a l  s t e p  is  c r u c i a l  be- 
Before i d e n t i f i c a t i o n  with s c a t t e r i n g  from powdere- l e t  us +urn 
from cons ide ra t ion  o f  expcnent ia l  abso rp t ion  by 3. continuous medium t o  
a model of  d i s c r e t e  l a y e r s  of absorpt ive " p a r t i c l e s " .  
Imagine a series of  h o r i z o n t a l  planes separaTed by  a v e r t i c s l  d i s -  
tance D. 
ALand t h e  t r a n s p a r e n t  f n c t i o n  be A2. 
bottom. 
two ind ices  are needed: A 
of h ighe r  l a y e r s ,  t h e  l i g h t  s c a t t e r e d  upward by  t h e  jth l a y e r  i s  propor- 
t i o n a l  t o  Alj. 
In each plane l e t  t h e  f r a c t i o n  of  t h e  area t h a t  i s  opaque be 
Number t h e  planes from t o p  t,o 
One might desire t o  vary t h e  opaque area i n  each plane.  Then 
and A z j ,  e t c .  Apart from shadowing e f f e c t s  13  
On t h e  o t h e r  hand, t h e  absorpt ion of  l i g h t  t r a v e l i n g  
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upward p a s t  t h e  jth l a y e r  due t o  s c a t t e r i n g  from a l l  lower l a y e r s  i s ,  
i n  general ,  p ropor t iona l  t o  A also.  It i s  c l e a r  t h a t  t h e  p o s s i b i l i t y  
e x i s t s  of f i n d i n g  a correspondence between A i n  t h i s  model. of d i s -  
Crete layers and 7 -' i n  t h e  continuum model. 
lj 
1 3  
-1 
The c o e f f i c i e n t r  dz corresponds t o  t h e  upward s c a t t e r i n g  p e r  
l a y e r  i n  t h e  amount A l j  while t h e  abso rp t ion  p e r  u n i t  length 7-l cor re s -  
ponds t o  t h e  removal of v e r t i c a l  f l u x  by a f a c t o r  of  A pe r  layer. Ij 
Note t h a t  i n  t h e  d i s c r e t e  case t h e  proba-bj l i ty  of pene t r a t ing  t o  
a depth z i s  indeFendent o f  angle cf incidence.  This i s  beceme t h e  
p r o b a b i l i t y  of p e n e t r a t i n g  any l aye r  j i s  A on t h e  average. Without 
abso rp t ion  between l a y e r s .  f a c t o r s  o f  s ee  i o r  see 6 do not appear. 
The t r a n s i t i o n  t o  t h e  continuum case i s  neve r the l e s s  s t ra ightforward.  
We conclude t h a t  Lommel-Seeliger s c a t t e r i n g  should approximately 
desc r ibe  s c a t t e r i n g  from d i s c r e t e  l a y e r s  ( a p a r t  from some mult iplying 
func t ions  a r i s i n g  from p a r t i c l e  behavior and shadowing e f f e c t s )  i n  t h e  
fol lowing c ondi t i cns  : 
2 j  
1. Tenuous su r face  - Clea r ly  n o t  even an approximate correspondence 
of t h e  d i s c r e t e  and continuum cases can be expected i f  t k e  su r face  is a 
so l id :  opaque plane or even i f  the s u r f a c e  is rough b u t  made up of par-  
t i c l e s  packed as i n  a g r a v e l  p i l e .  For such s u r f a c e s  t h e r e  i s  no range 
of angles  f o r  which a maJor po r t ion  of  t h e  backsca t t e red  l i g h t  i s  a t t enu-  
a t e d  by pass ing  through a geometrical  f i l t e r .  In s t ead ,  such su r faces  
w i l l  e x h i b i t  specu la r  s c a t t e r i n g  t o  some ex ten t .  
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2.  Small mu l t ip l e  s c a t t e r i n g  - I n  the  d i s c r e t e  model considered 
above, i f  t h e  r e f l e c t i v i t y  of  the opaque areas i s  high,  t ben  an Gpward 
f l u x  of l i g h t  a t  t h e  j"h l a y e r  i s  n o t  simply reduced i n  t r a n s m i s s i m  by 
t h e  f a c t o r  A t h e  open area. Instead l i g h t  s t r i k i n g  t h e  under s i d e  
of  t h e  area A 
o f  t h i s  mu l t ip ly  s c a t t e r e d  Light  w i l l  a l s o  pass through A An ex- 
ample i s  a su r face  of Mg-0 smoke p a r t i c l e s .  The s u r f a c e  i s  formed of 
d i s c r e t e  p a r t i c l e s  and i s  o f t e n  f s i r l y  tenuous. 
of  each p a r t i c l e  i s  so high t h a t  m d t i p l e  s c a t t e r i n g  i s  v e r y  p r ~ i n e n + , .  
The r e s u l t i n g  photometric funct ion i s  very nea r ly  t h a t  of Lsmbert i n  
which t h e  s c a t t e r e d  energy i s  p ropor t iona l  t o  Io cos i c o s & .  
zj9 
1-j 
w i l l  be s c a t t e r e d  downward again. S o  u l t i m a t e l y  some 
23' 
Fut tine r e f i e c t i v i % y  
I n  what fol lows w e  w i l l  attempt t o  i n d i c a t e  i n  terms of t h e  model 
of d i s c r e t e  l a y e r s  what e f f e c t  the shadows introduce as a modif icat ion 
of Lommel-SeelFger s c a t t e r i n g .  We w i l l  not a c t u a l l y  p r q m s e  a p h o 1 ~ -  
metr ic  func t i cn  f o r  t he  moon. as Eapke d i d  'De?%use of t h e  g r e a t  c m -  
p l e x i t y  of t h e  pro'ciem, 
t e r i n g  a f f e c t s  t k e  shape o f  F'o!. 
of  t h e  now known f e a t u r e s  of t h e  luna r  pj-otometric func t ion  Brice. 
3 p a r t i c u l a r ,  we know trat mul t ip l e  Scat- 
However we w i l l  i n d i c a t e  how eacrl 
The b e s t  way t o  proceed is by t h e  method of  induction. I n  Fig. 
24 t h e  upper two layers are indicated., 
t h e  f i rs t  l a y e r  t o  t h e  emerging l i g h t  i s  
The d i r e c t  con t r ibu t ion  of 




D (tan i + tan€ 1 AZl2 
Fig. 24 Diagram of shadQws at small phase angles 
Fn a rnodel cf  l aye red  s c a t t e r e r s .  
The l i g h t  p e n e t r a t l n g  i s  p ropor t iona l  t o  L$,, = l-All. We assume t h e  
p o s i t i o n s  of  t h e  p a r t i c l e s  i n  each l a y e r  are completely uncorrelated 
with the  o t h e r  l a y e r s .  Then t h e  l i g h t  con t r ibu ted  from the  second 
layer i s  
dE2 = ( l - A l l )  x A12 bS(x) x X(i, ,C) x ( 1 - A  \ 
11' 
The f a c t o r  X(i,C) expresses  t h e  f r a c t i o n  of  t h e  i l l umina ted  area of 
t h e  second l a y e r  t h a t  can be  seen through t h e  f i r s t  l a y e r .  A t  
i = G = 0 it i s  c l e a r  t h a t  X = 1. A t  small i zind 6 t h e  diagram i n  
i i -_ 
2 Fig.  22 suggests  tha t ,  X decreases as [A2' - D(tan i + t a n  C:] k2 0 
However, such an expression f o r  X w i l l  l o s e  i t s  v a l i d i t y  as soon as 
t h e  phase angle i s  l a r g e  enough s o  t h a t  l i g h t  from l a y e r  2 can e n t e r  
through l a y e r  1 i n  one hole  and l a t e r  e x i t  through a different ,  hole.  
Therefore a t  l a r g e  phase angles  one would expect  t h e  shadow p a t t e r n  
on l a y e r  2 t o  be  uncor re l a t ed  w i t h  t h e  viewing ho le s  i n  l a y e r  1. The 
p r o b z b i l i t y  t h a t  one would then  see l i g h t  through a viewing ho le  would 
be simply ( l - A l l ) .  I n  summary, X ( . j , 6 )  should decrease l i n e a r l v  as 
I 
( 1 - y a )  near  Q: = 0,  y N D%-2, but t hen  j t becomes asymptotic t o  a 
f i n i t e  value a t  l a r g e  phase angles. The f i n i t e  value i s  r e l a t e d  t o  
t h e  open area p e r  l a y e r .  C l e a r l y  t h e  f a c t o r  X(i,C) i s  c r u c i a l  t o  t h e  
understanding of t h e  b a c k s c a t t e r  p r o p e r t i e s  of a powder su r face .  
I n  w r i t i n g  the  l i g h t  con t r ibu ted  frsm t h e  j + L l a y e r -  one w i l l  
have a product of f r a c s i o n s  f o r  +he a t t e n u a t i o n  on e n t r v  of t he  form 
J 
1 
T ( I - A l k )  which i s  recognizable as equ iva len t  t o  an exponentisl  decsy 
















exp [ - ( l N ) j .  There is a similar exp -(OUT) e C J  
Now if a t t e n u a t i o n  p e r  l a y e r  is not t o o  g r e a t  ( g r a v e l  p i l e  packing) the 
i d e n t i f i c a t i o n  of A 
a t e l y  t o  a. modif icat ion of Eq. (.5a): 
with T - l d z  and X ( i , G )  with B(a) br ings  us immedi- 1 2  
-1 -1 
dEd:exp [- T z see t] T - l d z  x bS(a)B!a.) exp [- z see&]  , (11) 
The most important p l ace  mult iple  s c a t t e r i n g  i s  a p t  IO e n t e r  as a 
co r rec t ion ,  i f  t h e  p a r t i c l e  r e f l e c t i v i t i e s  are q u i t e  low, is i n  glancing 
r e f l e c t i o n s  from t h e  p a r t i c l e s .  Such mul t ip l e  s c a t t e r i n g  i s  a p t  t o  af- 
f e c t  t h e  shape of B(a) at small phase angles  by s o f t e n i n g  shadows and 
broadening B(cr,). A small dependence of l u n a r  c o l o r  upon phase descr ibed 
i n  GCO i s  analogous t o  our f ind ing  t h a t  t h e  shape of F(a) f o r  l a b o r a t o r y  
samples depended upon wavelengtl-? through a change i n  p a r t i c i e  r e f l ec t , f -  
vity with wavelength. The fact, t h a t  t h e  mson becomes more reddisk as 
1 0  1 i nc reases  r e v e a l s  t h a t  F(a’  i n  b lue  moonlight has a narrower pesk 
than  i n  red.  T h i s  i s  what. we f i n d  f o r  greenstone and o t h e r  rock powders. 
;n t h e  previous s e c t i o n  w e  concluded t h i s  e f f e c t  w a s  simply a consequence 
of  mul t ip l e  s c a t t e r i n g .  I n  p a r t i c u l a r ,  it is  mul t ip l e  s c a t t e r i n g  a t  glan- 
c i n g  r e f l e c t i o n .  Note t h a t  multiple s c a t t e r i n g  a t  glancing r e f l e c t i o n  
from dark powder g r a i n s  does n o t  ru in  the o v e r a l l  Lommel-Seeiiger s c a t -  
t e r i n g  b u t  shows up i n s t e a d  i n  F(aI0 
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I n  Hapke's a t tempt  t o  formulate t h i s  problem, t h e r e  a r e  t h e  
fol lowing object ions.  He t r i e d  t o  account f o r  t h e  d i s c r e t e  na tu re  of 
t h e  s c a t t e r i n g  medim by introducing ho le s  i n t o  the  medium, b u t  assumed 
abso rp t ion  upon e n t r y  i n t o  the holes .  Thereupon i f  s c a t t e r i n g  led t o  
e x i t  t,hrough t h e  e n t r y  hole,  he assumed ze ro  absorpt ion on e x i t .  
course,  t h i s  obvious asymrnet.ry of e n t r y  and e x i t  l ed  t o  an expression 
O f  
v i o l a t i n g  t h e  r e c i p r o c i t y  theorem of  Minnaert. "I I a s t e a d  of a t tempting 
a more symmetric formulation, he simply made an approximate subst i t i i -  
t i o n  t h a t  should be v a l i d  only a t  a = 0 ,  i f  a t  a l l .  iipon i n t e g r a t i o n ,  
he made some e r r o r  t h a t  l e d  t o  a func t ion  B(o) t h a t  happened t o  be 
simple and w e l l  behaved. 
nea r  a = 0, b u t  t o  a = -180". 
p r e s e n t a t i o n  of  X( i ,E )  by t h e  l i n e a r  approximation X(L,&) % 1 - ?a t h a t  
w a s  given above. He completely missed t h e  concept of e n t r y  and e x i t  
He  t hen  assumed t h i s  B ( a )  w a s  v a l i d ,  no t  only 
+ H i s  use of ho le s  corresponds t o  t h e  re- 
through non-adjacent openings though i t  c o n t r i b u t e s  dominankly t o  t h e  
lunar ~ [ a )  f o r  13 I > 10' e 
I n  conclusion, we have offered a justification f o r  t h e  relevance 
of Lommel-Seeiiger s c a t t e r i n g  t o  s c a t t e r i n g  of i i g h r  Tram underdense 
powders of dark, opaque p a r t i c l e s ,  We have suggested the  phys ica l  b a s i s  
upon which shadowing e f f e c t s  i n  a d i s c r e t e  s c a t t e r e r  modify the continuum 
abso rp t ion  of Lommel-Seeli g e r  s c a t t e r i n g ,  W e  have i d e n t i f i e d  the  abrQpt 
rise i n  l u n a r  b r i g h t n e s s  near  phase ang le  r~ = 0 t h a t  w a s  establ'iskCed i n  
GC0(l6) as be ing  due t o  l i g h t  s c a t t e r i n g  back tkrough t h e  same opening 
by which it entered.  A t  Larger phase angles  t h e  i i g h t  s c a t t e r e d  from 
t h e  moon gene ra l ly  e x i t s  by a p a t h  such t h a t  an obs t ruc t ion  Hes  between 
-78- 
t h e  e n t r y  and e x i t  path.  This r equ i r e s  t h a t  voids i n  t h e  moon's s u r f a c e  
layer are interconnected as i n  a powder. 
The f a c t  t h a t  Lommel-SeeLiger s c a t t e r i n g  a c c u r a t e l y  desc r ibes  t h e  
way i n  which t h e  l u n a r  s c a t t e r i n g  of l i g h t  depends upon t h e  angles of  
incidence and o f  emergence and t h a t  no c h a r a c t e r i s t i c  departures  from 
L-S s c a t t e r i n g  nea r  t h e  specu la r  d i r e c t i o n  can be de tec t ed  i n  p r e c i s i o n  
l u n a r  photometry powerfully argues f o r  a l a y e r  o f  underdense powder on 
t h e  moon. The l a y e r  must be t h i c k  enough t o  completely dominate t h e  
formation of shadows a t  t h e  s u r f a c e .  
-79- 
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